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Preface 
Mass mining can be defined as underground mining with production exceeding 10kt/day or 3Mt/year where 
mining methods such as block caving, panel caving, sublevel caving and open stoping are used. Mines using 
mass mining methods are often highly mechanized, sometimes with a high level of automation. The use of 
mass mining methods is increasing. It is also an important consideration in the transition from open-pit to 
underground mining.  

The first MassMin conference was organised in Denver, USA, 1982. It has been followed by MassMin 
conferences in Johannesburg (1992), Brisbane (2000) and Santiago (2004). At the fourth MassMin 
conference in Santiago, Chile in 2004, it was decided that this series of meetings would continue with 
conferences in Luleå in 2008 followed by Sudbury in 2012. 

The 5th MassMin conference, MassMin2008 in Luleå, Sweden, is organized by Luleå University of 
Technology. It is our pleasure to state here that the conference has attracted a good international 
participation. We are grateful to all the presenters and delegates for taking the time to partake and share their 
knowledge. We would also like to take this opportunity to express our appreciation to the authors of the 
papers and the conference sponsors for making this conference a success.  

MassMin2008 is divided into 20 technical sessions with two sessions conducted concurrently. Four Keynote 
presentations and together more than 100 technical papers are presented. The following topics are addressed:  

• Mass mining, mine design and case studies 
• Mine production and mine planning 
• Transition of mining method 
• Mining equipment and mine automation 
• Blasting 
• Applied geomechanics in mining 
• Subsidence and slope stability 
• Caving processes ands gravity flow 
• Miscellaneous 

It is our sincere wish that you enjoy and find this conference truly beneficial. We look forward to many 
interesting discussions that may result in new ideas and create a renewed enthusiasm that will contribute to 
the improvement of the mass mining methods. We also hope that the participants get to make friends and 
connections that will continue beyond the end of this conference. 

 

Professor Erling Nordlund 
Conference Chair  
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Design of extraction layout for the Chuquicamata Underground Mine 
Project 

E. Arancibia  CODELCO, Chile 

F. Carrasco  NCL S.A., Chile 

S. Fuentes  CODELCO, Chile 

J. Guarda  NCL S.A., Chile 

 

Abstract 
The Underground Mine project for Chuquicamata has been developed in a unique context, on one hand 
characterized by a regional fault next to the ore body, that limits the mineralization and that prints unique 
geological and structural characteristics. On the other hand, the large cavity as a result of one century of 
open pit operations induces a configuration of stresses and unstable balances in final walls. This condition 
has forced to rethink the designs of the extraction layout that historically have been used in the others 
underground mines of Codelco. 

The state of the art shows that the design of the layout has a relative uncertainty due to an incomplete 
interpretation of the phenomenon of the gravitational flow. For instance, some designs show important 
deformations in the areas of influence of extraction points, with overlaps of ellipsoids in some directions and 
excessive distances in others, where the ore does not move. This is derived from the priority that designers 
gives to the ore handling system against others factors such as ore recovery and the minor quantity of 
dilution even tough they do impact economical results. 

During the analysis of Chuquicamata Underground Project the concept of the diameter of the extraction 
ellipsoid is been introduced for the design of LHD layout. This element shows that the drawpoint spacing, 
controlled by the material fragmentation, is different than the obtained from material handling system 
criteria. By keeping this distinction in mind, some recommendations for innovative studies and improvements 
on the design of LHD layouts can be obtained. 

Applying the above to a “Teniente LHD” layout it is possible to increase the spacing between drawpoints as 
a way to avoid the overlapping of the extraction ellipsoids of two contiguous points. Dilution and stability 
can be improved and lower preparation costs can be obtained. 

1 Introduction 
Historically one of the critical decisions in a caving project, blocks or panels, is the selection of the 
production layout. In case of Chuquicamata's underground project it is also a key topic, mainly because the 
decision is influenced by the special characteristics of the deposit. First of all the Open Pit is a 100 years old 
operation and gives to the project the unique characteristics of dimensions of the Pit, 1,1 Km deep, 3 Km 
wide and 5 Km length. On the other hand, from the geological point of view, the regional fault so called 
"West Fault" that limits the mineralization and that also generates an important instability in the wall West of 
the Open Pit. 

Both conditions are challenger to assure a good ore recovery and to generate conditions that delay the 
dilution entry. In parallel, it is necessary to make a stable design, considering the geotechnical characteristics 
and also, to design a system with a production capacity enough for the require mining rate. 
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Figure 1 (a) Chuquicamata Mine, (b) Underground mine 3D projection 

2 State of Art 
The definition of the extraction layout is an important issue in the design and operation of a block/panel 
caving mine. It aims to create stable designs that maximize the recovery, minimize the dilution and allow an 
efficient operation of the chosen ore handling system. 

The following state of art reviews the key elements of the analysis on this issue mainly referred to: (a) 
gravitational flow, (b) choice of the ore handling system and (c) the layout design taking into account the 
previous topics. 

2.1 Gravitational Flow 
The state of the art shows that the design of the layout has a relative uncertainty due to an incomplete 
interpretation of the phenomenon of the gravitational flow, which is the basic principle of the block/panel 
caving exploitation method (BC/PC). 

Because of this uncertainty it is not possible to develop a precise evaluation on aspects relative to material 
movement, making difficult the analysis and design of the extraction layouts. Nevertheless, the relations 
between materials with different characteristics are broadly known which establishes a series of 
methodologies that allow a handling of acceptable orders of magnitude within the context of engineering 
projects development. 

2.2 Choice of the ore handling system 
Bibliographic references about the design and choice of the ore handling system are strongly centered on the 
conventional system which is characterized by the use of LHD-type equipments. Other alternatives for 
material handling can be found, but they are not currently applicable for mining projects because they are 
based on experiences of about 25 years ago, or not been fully developed and still on a stage of industrial 
verification. 

In this sense, the evolution of the ore handling system for underground mining is explained by the pressure 
associated to the equipments to handle bigger fragment sizes over the last 30 to 40 years (Chacón, 1976), 
(Chacón, 1980), (Chacón et al, 2004). 

2.3 Extraction layout design 

2.3.1 Drawpoint Spacing estimate 

Reviewing the available information, there is a general agreement with the work performed by D. Laubscher 
who developed a series of empirical observations over different BC/PC mines around the world and 
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generated several relations associated with the layout design and its characterization (Laubscher, 1994) 
(Laubscher, 2000). 

This is the reason why the Laubscher abacus is used to find the isolated draw zone, a spacing criteria which 
ensures the interaction between extraction points and abacus for quantifying parameters as those that would 
allow the mixture intensity estimation, among others. Its results have been widely used in the conventional 
extraction to define the drawpoints spacing characterized by the use of LHD-type equipments. However, 
even until now there is a scarcity of more precise methodologies for it. 

The uncertainties associated with the layout sizing have lead to an unknown state respect to the real value 
that this subject has. In this sense the extraction layout design has not evolved beyond the methodologies 
proposed by Laubscher. Thus in general the discussion about operational aspects as the design stability and 
the kind of equipments available is a predominant subject in geometry and sizing decisions, diminishing the 
importance of considerations relatives to the recovery and dilution which are of higher importance and that 
directly affect the value of the mining business. 

In general the conventional definition of the extraction layout sizing and the kind of layout to be used 
considers the following steps: 

• The geomechanical characterization of the material of interest. 

• The use of Laubscher abacus which gives an approximate idea of the drawpoint spacing to be used to 
define the extraction layout. In practice, there are 2 criteria that are similar but not always give the 
same value: (1) a methodology which finds the isolated draw zone (IDZ) associated to rock intrinsic 
characteristics, design factors and spacing criteria and, (2) a methodology which relates the amount 
of oversize (>2m3) and the spacing necessary for the use of an LHD equipment. 

• The choice of the specific equipment for the ore handling which in the vast majority of cases 
corresponds to a LHD equipment. 

• The design of the extraction layout which considers the previous information and reconciles the 
distances that results of it. 

2.3.2 Layout design for BC/PC 

The design of extraction layouts requires a series of aspects closely linked between each other but over 
which exist an uncertainty associated to the impact and relative value among them. These factors are: 

• Recovery. 

• Dilution. 

• Stability. 

• Productivity. 

• Ore handling restrictions. 

2.3.2.1 Recovery 

One of the objectives of the extraction layout design is to maximize the ore recovery. Although this principle 
is simple in the way it is formulated it has complications and restrictions on how it is implemented. 

Firstly, the recovery will be maximum if it is accomplished to cover 100% of the required area with the 
lowest number of extraction points, an aspect that makes essential the correct sizing of the geometry that 
reaches one or several extraction points according to the principles of the gravitational flow. The 
heterogeneity of the rock mass as well as the uncertainty showed by the available estimation methods lead to 
a lack of knowing of the real geometry and dimension that reaches each one of the extraction points and as a 
consequence a strong uncertainty in the evaluation of this aspect. 

Nevertheless, it is accepted that the geometry of an extraction point approaches in shape to an ellipse in 
which one of its focus is projected to infinite. Thus, for one extraction point will exist only one maximum 
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diameter characteristic of the removed material and it will constitute the area of influence of that specific 
extraction point. 

Additionally, there are configurations where it would be possible to observe a synergic relation between two 
or more contiguous extraction points under quasi-simultaneous extraction, a condition denominated of 
interaction between points (Laubsher, 1994), (Laubscher, 2000) and (Susaeta, 2004). Up until now, from the 
engineering point of view the accepted condition is that the extraction points can be spaced up to a maximum 
of 1.5 times its characteristic diameter, in a way that the ore contained within both geometric shapes moves 
even though it is not included in the original geometry. 

 

Figure 2 (a) Interaction concept, (b) generic arrangement 

Secondly, once the adequate size for designing the extraction layout has been established the arrangement in 
which several points are located leads to another relevant aspect to estimate the level of recovery of a 
particular layout. There are two types of generic arrangements, triangular and square patterns, besides of the 
combinations between them. It is assumed that the theoretical arrangement does not admit the superposition 
of influence areas and that the triangular layout arrangement would be more beneficial from the recovery 
point of view considering its higher area coverage (Brady and Brown, 2003). 

Thirdly, the use of a specific ore handling system will impose deformations on the established original 
arrangement, generating zones not covered by the movement ellipsoids and consequently potential recovery 
loses. 

2.3.2.2 Dilution 

In the same way as the previous point, other objective of the design is to minimize the entrance of diluting 
material in the mineable reserves. 

Dilution is a dynamic process in which the in situ ore in a column it is self-mixed and in general it is also 
mixed with another material (usually called dilution) located in the upper portion of these in situ columns 
and that frequently has a lower economic value. 

This process is frequently simulated through the volumetric model of Laubscher. There are dynamic 
simulators of dilution process as those based on interaction of forces (PFC software for example) or those 
based on probabilistic schemes, for example in applications such as (Alfaro, 2000) and (Raña et al., 2004). 
Both of them require big efforts in terms of calibration and times of execution, which in some cases 
constitutes the reasons why its use has not become massive. The Laubscher model instead is used and 
accepted widely in the mining industry since it gives conservative values with a simple methodology and 
capable to systematization. An example of this is shown by (Diering, 2000). 

The intensity of the mixture depends on factors inherent to the characteristics of the material to be extracted 
as well as on the design variables that decrease or increase this impact and which are effectively those 
variables available to the designer for controlling their effects. 

This mixture process is also conditioned by the quality of the material that it is over the material in situ. 
Frequently this material is of very low economic value and has characteristics that increase the intensity of 



 

 

 7

the mixture, for example its fragment size. Additionally, the diluting material cannot be categorized, because 
it corresponds to a remobilised material which in general do not responds to the geological patterns that 
determine the in situ resource estimation and thus have a strong uncertainty in its estimation. 

In this scenario, a higher intensity of the mixture within the in situ columns with the diluting material 
generally leads to a relative impoverishment of the original quality of the ore, an aspect that will cause a 
variation in the volume and quality of the minables reserves determined through the economic integration. In 
the same way, variations in the quality of the diluting material will also have effects in the determination of 
the minables reserves. 

As mentioned earlier, the extraction layout design induces higher or lower mixtures intensities. Even though 
there is not been developed an accurate model, the following assumptions are commonly used: 

• A higher superposition between extraction ellipsoids will lead to a potential increase of early 
entrance of diluting material since the superposed zones will increase its movement velocity being 
able to largely exceed those of not superposed zones (Laubscher, 1994), (Brady and Brown, 2003). 

• The finer material migrates faster than the larger material (Laubscher, 1994), (Brady and Brown, 
2003). 

• The way in which extraction is performed affects the dilution entrance in a way that the strategies of 
simultaneous extraction between drawpoints points are favored (Susaeta, 2004). 

2.3.2.3 Stability 

The mining designs must guarantee, globally and locally, the installations stability so that any danger to the 
working staff or any risks of productive infrastructure is avoided. 

The stability conditions that characterize a design must be properly checked with geomechanical analyses, 
being able to incorporate modifications into the ideal layout. 

2.3.2.4 Method Productivity 

The choice of the ore handling system not only depends on the main production equipment but also on the 
integration with the rest of the process and on the way in which this system responds to the requirements 
associated with the grain size. Thus, the unhang-up and secondary reduction operations, as well as the rock 
mass behavior acquire a large relevance (Carrasco et al., 2004). These aspects can severely restrict the 
method productivity leading in many cases to redesigns. 

2.3.2.5 Restriction imposed by the ore handling system 

The application of one or another ore handling system has different benefits and costs according to the case. 
The restriction imposed by those systems may lead to the choice of any one of them according to the specific 
case under study. Among the aspects to be considered it has to be noted: 

• Deformation imposed by the ore handling system: The application of any ore handling system may 
generate deformations to the original arrangements due to the equipments and the adaptation that 
these might require. The more well-known case is that of the LHD equipment which require 
minimum distances of operation (Cavieres et al., 2005). 

• Restrictions on equipment and workers transit: depending on the ore handling system there will be 
restrictions that will make the operation more or less simple. 

• Building capacity: The ore handling systems impose extraction layout geometries that not always 
facilitate their construction which puts limits in time and costs of the applied solution. It can even 
occur the situation in which the stability condition is not achieved for particular layout sizes. 

For instance, some designs show important deformations in the areas of influence of extraction points, with 
overlaps of ellipsoids in some directions and excessive distances in others, where the ore doesn’t move. This 
is derived from the priority that designer gives to the ore handling system against others factors such as ore 
recovery and the minor quantity of dilution even tough they do impact economical results. 
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3 Design Diameter for Underground Mining Design 

3.1 Definition of the Design Diameter 
During the analysis of Chuquicamata Underground Project the concept of the diameter of the extraction 
ellipsoid has been introduced for the design of LHD layout. 

To accomplish the basic aim of mining design, the first step required is an adequate dimensioning of the 
extraction ellipsoid. Notwithstanding the considerations derived from the state of art above mentioned, for 
the present analyses purposes it will be assumed that there is a reliable methodology of dimensioning which 
allows to find the value of this parameter. 

In this way, the design diameter corresponds to the characteristic diameter that defines the influence area of 
each extraction point in a particular active area. It is assumed that this parameter defines by itself the 
information required by the designer for the determination of the best arrangement at undercut level of a 
group of extraction points. In this matter is necessary to note that the concept of design diameter (DD) has 
the following properties: 

• It assumes that the rock mass behavior is homogeneous in any direction located on the horizontal 
plain. 

• It is independent of the used ore handling system. 

• It allows to describe a large part of the movement of the ore column. 

• The use of the DD considers that the center of extraction is in the center of the circle that defines it in 
the undercut level. 

• The DD does not induce by itself the existence of phenomenon that is still under study as it is the 
effect of interactions between movement ellipsoids or the spacing factor used. 

• This parameter is maintained constant once it is chosen according to the corresponding methodology 
and taking into account the heterogeneity factors shown by the rock mass. 

3.2 Theoretical layout 
The diameters of the ad-hoc design is in accordance with the expected geomechanical quality of 
Chuquicamata and are assumed to cover a large range of representative values which shows this reality. 

Up until now, the performed geomechanical analyses show the predominant presence of a low competence 
material with a relative high fracture density by meter and a high disposition to secondary fragmentation. No 
oversize problems are expected. Thus, the geomechanical analyses show that low to medium size extraction 
layouts will be obtained. 

This work considers the realization of the analysis in a triangular layout considering its larger area coverage. 
The conclusions of this work can be extended to the case of the square layout. In this same sense, a 
“Teniente LHD” layout type is used for the analysis. 

The chosen diameters are 12, 14 and 16 meters which represent individual extraction areas of 125, 170 and 
222 m2, respectively. Each extraction area is approximated to a hexagon in the case of Teniente-type layouts. 
The extraction areas have been estimated using the Laubscher abacus and the actual interaction spacing 
criteria. 

Each design performed considers a first stage in which each extraction area is strictly tangent to its 
neighborhoods. Thus, the superposition of areas is avoided making a maximum resource recovery.  

The following schemes represent the generic designs performed over a DD of 14 m and a DD of 16 m. It is 
noteworthy that the designs presented here have not been yet reconciled with the LHD equipments available 
in the market which is the reason why its feasibility has not been proved. 
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Figure 3 Theorical layout for DD=12 m & DD=16 m 

The use of an ore handling system with characteristics of a system based on LHD equipments leads to the 
introduction of deformations into the optimal arrangement defined in the previous stage due to the required 
minimum distances that are associated to the optimal operation of the LHD equipment. 

The physical description of each equipment is shown in the following table:  

Table 1 Characteristic dimensions of LHD equipments 

Capacity yd3 7 10 13 

Length m 10.3 11.0 11.5

Height m 2.5 2.8 3.0

Width m 2.6 3.0 3.4
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Figure 4 LHD criteria for design layout 
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The criteria used in the redefinition of required distances for each design considers in general: 

• The length of the LHD equipment. 

• Horizontal projection of the ore slope over the drift. 

• Width of the production drift. 

• Tolerance criteria for defining the necessary space for the operation of a LHD equipment. 

It has to be noted that deformation of the extraction layout does not change the characteristics of the design 
diameter as it can be observed in the following figures: 
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Figure 5 Theorical layout for DD=12 m & DD=16 m 

Quantitatively it has that: 

Table 2 Conventional LHD layout (LHD 7yd3 & 13yd3) 

LHD capacity   LHD 7yd3  LHD 13yd3 
Diameter Design   12m 14m 16m  12m 14m 16m 
Area of influence (nominal) m2 124.8 169.8 221.8 124.8 169.8 221.8
Drawpoint spacing m 12.0 14.0 16.0 12.0 14.0 16.0
Drift production spacing m 20.8 24.2 27.7 20.8 24.3 27.8
Non recover area (dead zones) m2 45.8 41.3 33.3 53.1 49.8 43.0
Overlapping area m2 45.8 41.3 33.3 53.1 49.8 43.0
Effective draw area m2 79.0 128.5 188.5 71.7 120.0 178.8
Distortion  1.7 1.5 1.3 1.9 1.6 1.4
Development factor (*) m/m2 0.1318 0.1143 0.1011 0.1304 0.1136 0.1006

Excavated area ratio % 0.50 0.57 0.62 0.45 0.52 0.58
(*) Production level horizontal development 
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The aforementioned implies that: 

• The ideal layout defined by equipment size, in a way that it does not generates distortion (therefore 
dead zones and overlapping area), is of large size and no less than 375 m2 in a Teniente-type layout. 

• In any case of equipment choice for Underground Chuquicamata the application of the ore handling 
system through LHD requires deformation of the layouts. 

• The diameter of the extraction ellipsoid concept shows that the dimensions of the optimal drawpoint 
spacing, controlled by the material fragmentation, are different than the obtained from material 
handling system criteria. 

• By keeping this distinction in mind, some improvements on the design of LHD layouts can be 
obtained. 

4 Results 
The deformation imposed by the application of the LHD system produces a loss of the extraction area that is 
not covered by the final arrangement of the extraction ellipsoids. This situation is represented in the 
following schematic figure: 

OPTIMAL CONDITION: 
DD CRITERIA

ACTUAL DESIGN:
LHD CRITERIA

WIDEN LAYOUT:
DD & LHD CRITERIA

a

b

c

b

a

 

Figure 6 Conceptual scheme widen LHD layout 

The imposed deformation at least generates the following: 

• The superposition of flows through the zone located between production drift increases the 
probability of an early entrance of dilution ((a) in Figure 6). 

• The potential loss of reserves due to the dimensions reached by the ore pillar between extraction 
ellipsoids that goes beyond the used design value ((b) in Figure 6). 

• It is probable an increase of stresses on the production drift. This issue should be validated by 
experts in a way that permits the derivation of a conclusion about the permissible levels that the 
design can accept through this item ((c) in Figure 6). 

• If the Laubscher spacing criteria is used for the DD calculations there is a potential loss of the 
interaction effect which increases the loss of resources due to the increase of the ore pillar between 
extraction ellipsoids. 

The obtained results show that the deformation produced by the material handling system generates both, ore 
losses and a superposition of extraction areas. These effects lead to value reduction, even when the 
calculation is not explicit. 
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To avoid these effects, some innovative solutions are proposed to the material handling system and/or the 
designs of the drawpoint spacing patterns, such as: 

• The design and test of new material handling systems: Smaller equipments are required to maintain 
the optimum dimensions associated with the material characteristics and the gravitational flow, such 
as, (a) smaller LHD, keeping the loading capacities, (b) explore new material handling systems, such 
as continuous mining, which initially can use compact equipments for extraction (Carrasco et al, 
2004). 

• The design and test of alternative LHD layouts such as “macrozanja” (Diaz and Tobar, 2000), or the 
design of some kind of an “integral full mechanized gravitational system”. 

Knowing the importance that these issues have, this current work does not detail the proposed solutions due 
to the lower development that they have to date. 

In this context, the design proposal resulted from the exposed conditions is to avoid the superposition in the 
layout design leading to an enlargement of it as is shown in Figure 6. 

The enlargement of the layout does not reduce the non-recovered area and the effects resulted for this. 
Nevertheless it has the benefit of avoiding the superposition of influence areas which allows a larger area of 
effective extraction and a decrease of the dilution potential. The results obtained with the design of the 
extraction layout with an enlarged layout are summarized in the following tables. The presented results 
correspond to a diameter of 12, 14 and 16 m and a LHD equipment of 7 yd3 and 13 yd3. 
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Figure 7 Widen LHD layout for DD=12 m & DD=16 m 

 

 

 

 

 

 



 

 

 13

Table 3 Widen LHD layout (LHD 7yd3 & 13yd3) 

LHD capacity   LHD 7yd3  LHD 13yd3 

Diameter Design   12m 14m 16m  12m 14m 16m 

Area of influence (nominal) m2 170.6 211.1 255.1  182.0 224.4 270.3

Drawpoint spacing m 12.0 14.0 16.0  12.0 14.0 16.0

Drift production spacing m 28.4 30.1 31.8  30.4 32.1 33.8

Non recover area (dead zones) m2 45.8 41.3 33.3  57.2 54.6 48.5

Overlapping area m2 0.0 0.0 0.0  0.0 0.0 0.0

Effective draw area m2 124.8 169.8 221.8  124.8 169.8 221.8

Distortion  1.7 1.5 1.3  1.9 1.6 1.4

Development factor (*) m/m2 0.122 0.108 0.097  0.119 0.105 0.095

Development cost (**) % 90 93 96  - - -

Excavated area ratio m2 0.54 0.59 0.63  0.45 0.51 0.56

(*) Production level horizontal development 

(**) Conventional LHD Layout (DD=12m & 7yd3)=100 unid (Undercut & Production Levels) 

• The enlargement of the layout generates an improvement of the excavated area indicators and the 
preparation factor (this refers to the estimation of the labor amount required by each unit of exposed 
area expressed in m/m2). This effect is particularly noticeable in the lower size layouts. (see Table 3). 

• The enlargement of the layout leads to a reduction of the preparation cost. 

• Insofar the DD grows the reduction of the preparation cost due to the layout enlargement decreases. 
This is due to the lower impact of the distortion caused by the equipment. 

5 Conclusions 
During the analysis of Chuquicamata Underground Project the concept of the diameter of the extraction 
ellipsoid has been introduced for the design of LHD layout. This element shows that the dimensions of 
drawpoint spacing, controlled by the material fragmentation, are different than the obtained from material 
handling system criteria. By keeping this distinction in mind, some recommendations for innovative studies 
and improvements on the design of LHD layouts can be obtained. 

Applying the above to a Teniente LHD layout it is possible to increase the spacing between drawpoints as a 
way to avoid the overlapping of the extraction ellipsoids of two contiguous points. Dilution and stability can 
be improved and lower preparation costs can be attained. The same concept can be applied to others types of 
extraction pattern, like Henderson layout or Salvador layout. It can obtain the same kind of conclusions. 
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Abstract 
Henderson’s new 7210 Production Level cave is currently providing all the production from Henderson. The 
7210 level design is similar to Henderson’s previous production levels with the following improvements; 
high lift post-undercut cave, wider bell spacing, enhanced drift support, a redesigned drawpoint brow, 
alternative roadway construction methods and the addition of dewatering drifts. Due to rapidly increasing 
production demands, a program of contracted development was utilized. Several more improvements have 
been instituted including grouted cable bolts, drift and brow repair techniques, undercut level drift stacking, 
use of electronic programmable detonators, and the addition of improved ventilation systems. All of these 
improvements have allowed Henderson to increase production to meet customer demand for Molybdenum.  

1 Introduction 
Henderson Mine, located 80 kilometres west of Denver Colorado, has been producing from the new 7210 
Production Level since January 2005. This is the third production level and the deepest at 1550 m below the 
original peak of the overlying Red Mountain (Figure 1). Production originally started at Henderson in 1976 
with the 8100 Production Level, with production lasting until 1993. Production started from the second level, 
7700, in 1992 lasting until 2006. Currently, all of Henderson’s 32,000 tonne per day production is scheduled 
from the 7210 Level. An overdraw program had kept a select portion of previously exhausted drawpoints in 
production on the 7700 Production Level until October 2007. A 150 m by 300 m panel (7700 Southwest) 
remains to be developed on the 7700 Production Level. 

The 7210 level layout is similar to the previous two levels, but was designed with several improvements. 
Production is accomplished via 6.7 cubic metre LHD’s feeding bins that transfer the ore from the draw level 
to the truck haulage level located 44 m below. The bell spacing has been increased, drift support improved 
and the drawpoint brow re-designed to minimize damage from post-undercut advance abutment loads to the 
draw level. Remote, truck driver controlled loading chutes load 72 tonne side dump haul trucks, which 
transport the ore to an underground crusher. Ore is then conveyed to the mill via a three-stage 24 km 
conveyor system. The haulage roads are constructed of mine muck mixed with cement to create a cost-
effective, long lasting and gradable roadway. Dewatering drifts are mined under the haulage level to allow 
drainage from the truck level and to ventilate the haulage chutes. 
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Figure 1 Henderson cross section 

The demands for molybdenum and molybdenite products have been increasing since 2004, allowing for 
Henderson to increase production rates. A larger production area was required leading to an accelerated 
development program. Additional work has been added to development contractors working at the mine, as 
well an increase in Henderson staffing. Development “loops” are being established using drawpoints as 
temporary cross-cuts to minimize development interference with production, allow for more efficient 
ventilation and minimize the development leads needed to properly manage the cave. 

After initiating the cave and commencing production, it was discovered that the geology on the 7210 
Production Level reacted differently than on the previous levels. A more robust method of supporting the 
drifts was implemented, especially in anticipation of advancing the undercut under the higher ore columns. 
This includes grouted cables, increased use of wire mesh, additional concrete and steel in the drawpoints and 
additional wire mesh and shotcrete installation after the cave abutment load elapses. Consistent management 
of the undercut level has always been recognized to reduce drift maintenance on both the draw level and 
undercut level, and has been re-emphasized. Drift stacking and jamming also helped reduce drift 
maintenance as well maximizing production from the caved area.  

Undercut cave blasting vibrations had been reduced on the previous levels, and further reductions were 
possible in critical areas by using electronically programmable detonators. These detonators also allowed for 
more efficient blasting of the ore storage bins below the draw level. The larger draw area needed for the 
increased production required additional ventilation. Some of this was supplemented by improved ventilation 
controls on the draw and ventilation levels, as well as utilizing the drainage drifts mined under the truck 
haulage route. 

2 Mine Description 
The Henderson deposit is composed of molybdenite and quartz in random, intersecting, and closely spaced 
veinlets with an overall dimension of 670 m x 910 m. In section, it arches over the 7210 level with a 
maximum height of 550 m. The ore body RMR ranges from 27 to 60 with uniaxial compressive strengths 
typically ranging from 100 Mpa to 275 Mpa. Although this is at the high range for caving, there has been 
minimal problems initiating and advancing the cave, probably due to the lubricating properties of the 
molybdenite coatings and fillings on the geologic structures. Ore grade has been and continues to be a good 
indicator of cavability at Henderson. (Rech et al, 2000) 

The 7210 Production Level has ore columns ranging from 122 m to 340 m in height. Current dimensions of 
the level are approximately 540 m by 390 m. Geologic characteristics of this level differ from the previous 
levels due to more fracture zones, alteration and intrusions. This complex mix is composed of areas that have 
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high compressive strengths surrounded by weak zones. This tends to focus both in-situ stresses as well as 
cave abutment stresses on the more competent sections, occasionally resulting in rapid stress distribution and 
drift rib damage. (Golden et al, 2008) 

Drawpoint layout for the production levels have changed several times over the life of the mine, starting with 
a 12 m by 24 m spacing with chevron style entrances, to straight-through entrances and to the current 17 m 
by 31 m spacing. Ore recovery and drift maintenance issues were studied with each change. The current 
layout is the best compromise between strength of rock pillar and maximized ore recovery. (Tyler et al, 
2004) 

The 7210 draw level is located 18.3 m below the undercut level. This is an increase of nearly 2 m from the 
previous levels and allows for a much stronger apex over the draw level. The drawpoints have an entrance 
angle of 56 degrees, and are mined in 15 m from both sides leaving a 2 m pillar for added strength. Draw 
bells are developed by a pattern of 76 mm diameter holes drilled from the undercut level (Figure 2). A “v-
cut” drill pattern, also composed of 76 mm diameter holes, is drilled from the draw level. The “v-cut” is 
excavated first, allowing for an open slot to provide relief for the bell development. Both of these drilling 
patterns have been changed from the previous levels to create a better-defined bell shape. The slopes of the 
bells are smoother because they are now created along the drill holes rather than the end of the drill holes. 

30.5

18
.3

7210 PROD

DRAWPOINT V-CUT

7270 UC

BELL

 

Figure 2 Bell development drill and blast print 

Below the draw level is the ventilation level. Thrifty engineering design utilized the previous production 
levels to tie into the original main ventilation shafts via the access drifting to the 7210 Production Level and 
a 3.3 m intake shaft and two 3.3 m fanned exhaust shafts. This ventilation level is 18.3 m below the draw 
level, and is composed of drifting ranging from 4.3 m x 4.3 m to 4.9 m x 4.9 m (Figure 3). Intake and 
exhaust laterals are mined together, and then are separated by automated air flow control doors, steel tunnel 
liners and bulkheads. 

Ore is transferred from the drawpoints via 6.7 cubic metre LHD and into 2.1 m diameter bored orepass raises 
feeding ore storage bins below the draw level. The spacing of the ore pass raises vary from 102 to 130 metres 
depending on the overall length of the production drift, the ore column height and tonnage and corresponding 
ore bin and truck chute design. A single grizzly rail is installed at the top of the orepass raise, limiting rock 
size running through the orepass to 0.5 m by 1.2 m. Access for the top of the bin, and the bottom of the 
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orepass, is a 4.3 m high by 5.5 m wide drift mined from the ventilation level. A 2.1 m diameter raise is bored 
19 m from the top of the bin and down to the truck level chute excavation. The bin is then drilled for both 
blast holes and footwall support grouted cable bolts. Originally, the blasting to excavate the ore bins required 
4 steps to allow for removal of the swelled blast material and to insure that no missed holes remained. The 
process was improved by working with the explosive supplier to design a single-shot pattern utilizing 
programmable electronic detonators. Not only is the new process more efficient, it has also minimized blast 
damage to the walls of the resulting bin excavation. (Keskimaki et al, 2004) 

 

Figure 3 Ventilation level and bin excavation drill and blast print 

The haulage level was originally designed as loops with drive-through chutes. A back-in design was tested 
and was found to require less development time with a minimal loss in haulage cycle time, and aided in 
controlling dust due to direct exhaust of each chute (Figure 4). This design is currently used in the 11 chutes 
for the 7210 Production Level that have been constructed to date, and is planned for all remaining chutes. 
Haulage roads are constructed with run-of-mine blasted rock mixed with Type I/II cement at a rate of 12 
tonnes of muck to one cubic metre of cement. Maintenance is performed with a motor grader and vibratory 
compactor, with an 800-gallon water truck continually operating to help control dust. Clean up of spilled 
muck in the chutes, along the haul routes and at the crusher dump pocket is rigorously performed to extend 
tire and axle life. (Keskimaki et al, 2004) 
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Figure 4 Back-in chute design 

Drainage drifting 5 m under the haulage level was added after un-successfully attempting to maintain 
haulage roads in wet areas. This has helped greatly with truck haul road life, but is also utilized as a less 
expensive method to ventilate the haulage chutes than the original design of mechanically bored 26 m long, 
1.8 m diameter exhaust raises to the ventilation level. Now, the haulage chutes are exhausted by 5 m long, 
1.1 m diameter conventionally drilled and blasted raises located in the rear of the chute excavation. As 
production rates increased and more ventilation was required through the haulage level, Henderson was able 
to re-use an exhausted ore pass raise from the 7700 level to increase ventilation flows through the drainage 
level and therefore off the truck level. 

3 Level Development 
When development started for the 7210 Production Level in 2003, throughput was at a rate that would allow 
the 7700 Production Level to last until the third quarter of 2006. Henderson development crews were 
responsible for the more exacting mining needed on the draw level. A mining contractor was hired in 2003 to 
drive the undercut, ventilation, haulage and drainage drifting. As demand for molybdenum increased, a 
larger cave area on the 7210 level was needed to replace the rapidly exhausting 7700 level. The mining 
contractor’s scope was increased to include a portion of the draw level mining, allowing Henderson 
personnel to concentrate on managing the undercutting operation and construction of the drawpoint concrete 
entries (Graph 1). Raiseboring and truck chute mechanical and electrical construction is contracted, with 
support from Henderson mine development operations. 

To provide sufficient drawpoints and drifts to meet new daily production goals in 2007, the panel design was 
widened by three drifts to eleven and development plans were updated. Henderson uses a ‘loop’ method of 
development wherein a series of drawpoints are mined completely through ahead of the section scheduled to 
be undercut for the year. This method separates development and production activities and permits utility 
and vehicle access across the panel. As with other mines, Henderson has struggled to find and retain 
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adequate personnel or contractors to expand the development program, so the loop system was modified by 
concentrating all personnel and equipment to complete the loop currently in development, then parking the 
undercut to maximize the cave size and allow higher than normal production along the cave front. Then, 
development was concerted on the next loop with both Henderson development personnel and the mining 
contractor working together to complete enough drawpoints to safely restart undercutting. Before stopping 
the undercut process, extra support was installed in the drawpoints directly ahead of the cave front. And as 
each undercut drift was ‘parked’, the pre-drilled undercut blast holes were sealed at the collar, additional 
wire matting was installed for 30 m ahead of the cave brow and the undercut drift was stacked with mine 
muck that was jammed into place (similar to jamming an exhausted cut and fill stope). 

Henderson 7210 Development
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Graph 1 Yearly Henderson and contractor drift advance and Henderson concrete/shotcrete 

4 Ground Support 
Ground support on the 7210 Production Level originally started with the same design as was used at the 
conclusion of development on the 7700 Production Level. A steel brow set was installed in the drawpoint 8.7 
m from the centreline of the production drift, and then embedded in concrete creating a rigid support 1.3 m 
wide and ranging from 300 to 600 mm thick, depending on rock overbreak (Figure 5). At the drawpoint 
entry and up to the brow, 100 mm by 100 mm by 4-gauge wire mesh with 1.5 m split bolts was installed and 
covered with 100 mm of shotcrete. This created a low-cost and flexible support that was easily repaired with 
an installation of more mesh over damaged areas and a re-coating of shotcrete. (Keskimaki et al, 2004) 

After undercutting was started on the level, unusual damage was noted on the western side of the drawpoint 
brow and entry rib (Photo 1). The initial drawpoints were retrofitted with an additional support arch set, and 
all new installation included an added steel arch set within the brow as well as an arch set 600 mm in front of 
the brow for a total embed concrete pour of 2.6 m. The southwest end of the panel, where undercutting was 
initiated, was composed of highly altered and fractured ground that was more difficult to support than the 
previous levels. At the larger openings required for ventilation and orepass cut outs, a series of 18 m cement 
grouted 200 mm diameter cables were installed above the cut outs in drill holes from the undercut level. And 
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a pattern of 4.5 m to 6.1 m long cement grouted cables through all production drifts and drawpoint entries is 
currently being installed and is planned for all future development. 

 

Photo 1 Damaged drawpoint brows 

Two of the early orepass raises that were bored in highly altered rock were tested with an application of a 
silica fume/steel dust dry mix shotcrete. This application lasted for 9 months before showing wear, but no 
other areas were tested due to the difficulty in reserving the contractor that specialized in this process. 
Testing has also begun for a fully shotcreted drawpoint that utilizes three heavy gauge wire frame brows. 
The drawpoint is bolted with 4.5 m long cement grouted cables installed in a 1.2 m pattern, and then the 
heavy gauge wire frame brows are installed with 1.5 m split bolts. The frame brows are fully encased in 
shotcrete, with the entry of the drawpoint covered to a thickness of 100 mm to 200 mm. First results are 
positive for initial undercutting loads and erosion with 30% of the column drawn. 

 

Figure 5 Concrete drawpoint design 
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5 Undercutting 
Henderson utilizes a post-undercut method of panel caving. The cave shots are carefully scheduled in order 
to help control damage to the undercut brow and to help minimize draw level abutment loads. Experiences 
from undercutting the previous levels have shaped the guidelines used for undercutting this new level. 

• Leave the rock pillar intact from opposing sides of drawpoints until shortly before blasting the v-cut 
(except where it has been removed to allow for a ‘loop’ cross cut, reference section 3). 

• Remove nearly all the swell muck from both sides of a bell after shooting the v-cut, leaving only 
enough broken muck to limit access into the pillar area, but allowing sufficient room to develop the 
bell. 

• Carefully map all drilled bell development holes before blasting to ensure adequate hole length. Re-
drill and/or modify timing pattern if necessary. 

• Only the bells needed to advance the next set of undercut rings for a single drift are shot, allowing 
for the maximum surface area to assist with spreading abutment loads. 

• Vigilantly monitor muck drawn after each bell and undercut ring shot to ensure that enough was 
drawn to allow for the next shot, but not too much to cause point loads on the apex and deterioration 
of undercut holes. 

• Whenever possible, schedule blasting so that advancing a complete bell in a drift takes no more than 
10 total days, and that advancing undercut rings from apex to apex is preferably done in 36 hours. 
This protects the undercut drift brow and the adjoining set of bell development and undercut ring 
holes. 

• Henderson limits draw in the three bells behind where the undercut rings have been advanced. This 
protects the undercut level drift brow and lessens loading on the undercut level. 

Crosscut drifting on the undercut level is avoided as much as development leads allow. Special care is taken 
when advancing the undercut past a mined crosscut. The crosscut creates a large opening that is difficult to 
control when the undercut blasting advance is within 50 m of the crosscut. Henderson has utilized additional 
wire mesh and split bolt support around the noses of the crosscut, jams the crosscut with muck to control rib 
spalling (Photo 3) and has developed a blast pattern that advances the undercut rings completely through the 
crosscut utilizing programmable electronic detonators. 
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Photo 2 Convergence monitoring point 

6 Drift and Drawpoint Repair 
As the abutment load from undercutting advances, the draw level drift will converge from 100 mm to 300 
mm. This results in fracturing in the arch of the drift and the concreted brow, oftentimes the damage is not 
noticeable until the abutment load has passed and the drift has started rebounding (Photo 2). Typically the 
damage is cracked and spalling shotcrete and concrete in the arch of the drift or drawpoint brow. Sometimes 
there will be floor heave or damage to the brow steel. This damage is similar to that experienced on the 7700 
Production Level. 

Normal repair is to cover the spalling or damaged area with wire mesh installed with split bolts, or just split 
bolts if the original wire mesh is still intact. The area is then scheduled to be re-shotcreted the next time that 
the shotcrete rig is working in that drift. The LHD operators are trained to leave the damaged area intact in 
order to keep the repair simple, and to help keep the drift from getting too big. Infrequently, a drawpoint 
brow will be damaged to the point that it needs replacement. Draw continues on the drawpoint until the brow 
hangs up with oversize rocks, the muck pile is shotcreted to seal in place, the old steel is cut out and a new 
arch steel set is installed. 
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Photo 3 Drift Jammer 

7 Conclusions 
Henderson’s new 7210 Production Level cave is currently providing all the production from Henderson. By 
improving on previous production level designs which include: high lift post-undercut cave, wider bell 
spacing, redesigned drawpoint brow, alternative roadway construction methods and additional dewatering 
drift, has allowed for Henderson to meet increased production targets. The challenges of mining at a greater 
depth with more varied ground conditions have successfully been dealt with using enhanced ground support 
techniques, improved drift and brow repair techniques, and the successful implementation of undercut level 
drift stacking.  
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Abstract 
The design of the E26 Lift 2 block cave at Northparkes was covered in a paper (Duffield) at MassMin 2000.  
This paper covers the progress of the Lift 2 block cave from development and construction, through the 
operation of the cave and discusses the key conclusions that can be drawn.  The points of design that worked 
well are highlighted along with issues that did not progress as planned.  Possible reasons for the variances 
demonstrated between planned and actual performance in a range of parameters are also discussed. 

1 Introduction 
The Northparkes Porphyry copper-gold mineralisation was discovered in 1977 near Goonumbla, 30 km 
North West of Parkes, in NSW, Australia.  The operation comprises two open pits (E22 and E27 ore bodies) 
and two underground ore bodies (E26 and E48). The E26 ore body is approximately 200 m in diameter and 
extends from just below surface to over 800 m in depth (figure 1).   Northparkes Mines developed an 
underground block cave mine, which was commissioned in 1997.  This was the first lift at the E26 deposit 
and the extraction level was approximately 500 metres below surface.  The first block cave (Lift 1) of the 
E26 ore body was mined by until early 2003.  Development of the second, deeper block cave (Lift 2)  
commenced in 2000.  

Lift 1

Lift 2

350m

450m

 

Figure 1 Geology of E26 Ore Body (Lift 1 and Lift 2) Northparkes Mines 

The feasibility study for Northparkes Lift 2 Block cave, which formed the basis for the paper presented by 
Duffield at MassMin 2000, was approved in January 2000.  This was later than originally intended but the 
study was subjected to technical and commercial reviews following the acquisition of North Mining Limited 
by Rio Tinto.  Production from E26 Lift 2 was to replace that from Lift 1 but the 3.5 year development 
schedule meant that there would be a “dip” in underground production from Northparkes since Lift 1 would 
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be exhausted before Lift 2 could be ramped up to full production.  Surface pit production and stockpiles were 
used to make up the shortfall from underground during this period.   

Right from the start of the Lift 2 project, the challenge was to find ways to reduce the time to project 
completion, compared to the Feasibility study schedule.  This meant making some compromises on the 
original plan, even if they could possibly have negative implications for subsequent operation. 

2 Lift 2 Design Concepts 
Duffield (2000) describes the design process employed at Northparkes for the Lift 2 block cave and 
associated infrastructure.  This paper will now consider the aspects in the same order as covered in the 
original paper, listed below:  

Access 

Ore Handling System 

Undercut 

Extraction Level 

Dewatering 

Infrastructure 

Ventilation 

Each of the topics will be discussed giving an indication of adherence to the 2000 design and the relative 
success or impact of the changes. 

2.1 Access 
The main access declines were planned at a gradient of 1:6 in order to reduce development distance.  This 
was steeper that that historically used at Northparkes Lift 1, where 1:7 was the gradient of the original 
decline.  There was no difference in unit cost, as quoted by the development contractor, for a 1:6 or a 1:7 
decline of the same face dimensions and so this appeared to be a logical approach.   
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CV012
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0 200 400 600 800 1000 m

 

Figure 2 Schematic of Lift 2 Access Development 
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The CV 10 conveyor drive was even steeper (at 1:5.4) and the Load Haul Dump units (LHDs) moved the 
blasted material from the conveyor drive to the access decline, from where it was trucked, since the 
contractor deemed that trucks would not operate efficiently on hauls steeper than 1:6. 

However, development rates were lower than planned in the decline development phase and the format of the 
contract was changed from a unit rate to a cost plus basis (with margin modifier).  The reasons for the delays 
were mainly ascribed to poor ground conditions and seismicity.  The technical responses to these challenges 
included floor to floor shotcrete, additional bolting and de-stress blasting (Ross, 2004).   

The stress regime and resultant seismicity necessitated a review of the orientation of the decline.  The revised 
design provided a different access to both the undercut and extraction level and this actually reduced the 
development meters in that area. 

There were, however, some incidents where the gradient of the decline was a contributory factor, if not a root 
cause.  One specific “near hit” example involved a fully laden concrete transporter which was parked in the 
decline, with brakes and wheel chocks applied as per standard.  The transporter suddenly moved a number of 
metres down the decline, from its parked position, with the potential to injure the personnel engaged in 
concrete placement.    

The 1:6 decline has been employed at subsequent Rio Tinto projects (Argyle Diamond Mine and 
Northparkes E48) for the same logic as E26 Lift 2 and there have been issues arising surrounding the 
suitability of equipment operating on the steep declines.  In areas where there is more water present, such as 
Argyle, the steeper decline is more likely to present significant operational and vehicle maintenance issues.  
Where other excavations intersect the 1:6 decline (such as undercut access tunnels or even substations), the 
relative difference in floor angle can present difficulties.  It is not unknown for an inexperienced or rash 
operator to roll an articulated vehicle over when negotiating such elevation changes at an intersection.  One 
simple countermeasure is to design a flat area at the intersection but this reduces the apparent benefit of 
steepening the decline to save metres. 

Given the number of issues surrounding the development rates of advance and resultant costs, it is not 
possible to draw any conclusions as to the success or otherwise of the decision to steepen the decline to 1:6 
from a financial or schedule perspective.  There is an increased potential safety hazard from operating on the 
steeper decline and this should be borne in mind as not all underfoot conditions will permit this approach. 

2.2 Ore Handling System 
The fundamental principle that proved successful in E26 Lift 1 was the elimination of a haulage gathering 
level, with LHDs taking material direct from draw point to the crusher tip, situated on the extraction level.  
This approach was maintained for Lift 2 but some changes were suggested to the crushers and conveyors. 

2.2.1 Single Crusher 

The planned use of a single Krupp BK 160-210 Jaw Gyratory crusher was described by Duffield and he 
highlighted that this is had never been used in an underground application  before.  The selection, design 
installation and commissioning are described by Betts and Ross (2005).  The Jaw Gyratory crusher is 
effectively a gyratory crusher with a modified top shell (see Figure 3).  

In order to minimise the risk of a failure (of a key, single “in line” item of equipment), a stringent quality 
control inspection programme was employed.  Two main sections were rejected which necessitated those 
parts being re-cast in another foundry.  This ultimately delayed the crusher delivery but this did not impact 
on the commissioning of the ground handling system as delays had been experienced on the development to 
(and of) the crusher chamber.   

Shortly after commissioning, a problem with the eccentric bush caused the main shaft to seize.  This was 
traced to a fault with the lubrication system that was not supplying the correct flow rate to the bush (contrary 
to what was being indicated in the control room). 

Once rectified, the unit has performed to expectations.  The fine fragmentation observed in Lift 2 has meant 
that the quantity of material actually requiring crushing has been less than that envisaged.  This means that 
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there has been less load on the crusher but its success has prompted more installations of this type of crusher 
within Rio Tinto (at Northparkes E48 and Argyle Diamond Mine). 

 

Figure 3 Jaw Gyratory compared with Gyratory profile 

2.2.2 Conveyors 

The Lift 2 conveyors were planned to be narrower, faster and lighter than those used in Lift 1. The designed 
system did not include a sacrificial belt under the crusher and this drew some criticism from those who felt 
that this exposed the system to a higher degree of risk of ripped belts resulting from tramp steel. 

In a block cave, there is limited opportunity for tramp metal to enter the system.  Typically, the material from 
the undercut area contains steel support tendons from the undercut drill drives but once this has been drawn 
out, the rest of the block is free from steel.  To manage the risk, additional personnel were used to “spot” and 
remove tramp steel during the period of early draw from the cave.  This approach proved effective although 
the handling of the removed steel did prove onerous.  The tramp metal capture/removal system had been 
designed to handle limited volumes and whilst the numbers of tendons were not excessive, their twisted form 
(after passing through the cave, LHD bucket and crusher) meant that they occupied a relatively high volume.  
This put severe strain on the removal system but was addressed by cutting the twisted tendons into pieces 
such that they occupied a smaller volume.   

Incidents of belt tears due to tramp steel have been minimal, although there were a couple of significant “rip” 
events.  One was caused by a sharp rock fragment becoming wedged after the transfer belt between CV10 
and CV12.  Another was caused by a steel liner from the old lift 1 conveying system which was drawn 
through towards the end of the life of the Lift 2 block.  

2.3 Undercut 
A narrow inclined undercut was proposed for E26 Lift 2.  At the time of the feasibility study, there were no 
active examples of the method, although it was used at the Palabora Mine, South Africa prior to 
commencement of Lift 2.  This method was a significant departure from previous experience at Northparkes 
but as a result of technical interchange between Northparkes and Palabora, modifications to the design were 
made.  The spacing of the drill drives on the flats were increased (by 2m), angles of the inclines steepened 
(by 4 degrees).  Refinements to the detailed ring design, such as reducing holes per ring from 6 to 3, were 
made and these were discussed in some detail by Silveira (2004).  

 



 

 29

Undercut Monthly Advance

0

1000

2000

3000

4000

5000

6000

7000

Ja
n-

03

Fe
b-

03

M
ar

-0
3

A
pr

-0
3

M
ay

-0
3

Ju
n-

03

Ju
l-0

3

A
ug

-0
3

S
ep

-0
3

O
ct

-0
3

N
ov

-0
3

D
ec

-0
3

Ja
n-

04

Fe
b-

04

M
ar

-0
4

A
pr

-0
4

m
2 

pe
r m

on
th

Act Plan
 

Figure 4 Monthly Undercut Advance 

The undercut was progressed without incident and despite a late start due to access development delays; it 
was completed ahead of the project schedule (Figure 4).  Duffield (2000) indicates an eight month duration 
for the undercut although this was modified to 15 months during the detailed project planning stage, taking 
the face advance rates seen at Palabora into account.  The main contributory actions for increasing face 
advance rate were blasting 2 rings at a time when firing and then mucking out less swell than planned.  
Neither of these actions was considered to be viable during the planning phase as they would increase the 
risk of leaving a pillar or bridge behind if the blast did not break properly due to timing errors or blasting 
without adequate void.  The initial slots and undercutting rings were monitored carefully and up to 100% of 
tonnage fired was removed to ascertain void presence.  Once the lead lags were established and all 
monitoring indicated there were no issues with breaking, the move was made to 2 ring firings.  It became 
apparent that the constraining factor to face advance had become mucking of the swell.   

As a result of the late commissioning of the Lift 2 ground handling system, all swell removal had to be 
trucked up and tipped into the Lift 1 system.  This resulted in higher costs, lower rates of material movment 
and further congestion in the access decline.  A decision was made to muck less swell and perform a cavity 
monitoring survey every 4 firings to ensure that no pillars had been left at the top of the major apex.  This 
allowed less material to be moved in the three firings following a survey, with the swell from the 4th firing 
being mucked until the brow was exposed to a sufficient height to allow the cavity monitoring survey 
equipment to be installed.  On completion of the undercut, the average swell removal was 45% of tonnes 
fired, which was significantly below the 60% planned.   

The combination of the two decisions noted above, the undercut advance in the last 3 months dramatically 
increased when compared with the early phase of undercutting (see Figure 4). 

The narrow inclined undercut was considered to be a success due to its smooth progress, rapid completion 
and the verification that no pillars were left.  However, there is some speculation that the lower quantities of 
swell removal in the Eastern side of the cave may have contributed in some way to the irregular cave 
propagation seen at Lift 2.  This is covered in a separate paper (in press) by Allison et al (2008).  

Duffield indicates that the original planned undercut footprint provided flexibility to extend the undercut 
further to the East if required.  This flexibility was “insurance” against the cave failing to propagate as seen 
in Lift 1 (Ross and van As, 2005).  The possibility of extending the minimum span was effectively removed 
when a decision was made to move the Undercut Access 15 metres closer to the final undercut rings in order 
to save 15 metres on each of the 14 access drives. 
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2.4 Extraction Level 
A comparison of the 2000 designed layout of the Lift 2 level extraction level compared with the as built from 
2003 is given in Figure 5. 

The main thrust of the design of the Lift 2 extraction level was to reduce the total metres required.  It was 
also designed to provide a regular shape to the cave footprint rather than purely following the optimal 
economic footprint.  Duffield highlighted areas where design changes compared to Lift 1 were planned and 
in the main these were achieved.   

As a result of cost and time pressures on the project, further savings were sought.  The rock dropping bays 
were removed since it was thought that “low tonnage” draw points could be used for the purpose once they 
had been exhausted.  The extraction level pumping system excavations were significantly reduced to a single 
sump that accommodated a submersible pump.  This will be discussed in the section on dewatering (section 
2.5).  However, there were some areas that necessitated revision by adding to the development total metres.  
These included putting in the Gate End Bays (GEBs) or turning bays for the electric loaders and the 
inclusion of a workshop.  This is covered in the Infrastructure section 2.6 

Design Duffield (2000) As Built (2003)

 

Figure 5 Comparison of Design (2000) and Actual Extraction Level Layouts 

Production rates from Lift 2 (and the speed of ramp up) exceeded those seen on Lift 1.  That would indicate 
that the extraction level layout was a success.  There are a few issues, however, that warrant further 
discussion.  It was envisaged to use the electric Load Haul Dump (LHD) units that had been successfully 
employed on Lift 1.  However, the distance along drives 1, 2, 5 and 6 from the GEB (where the LHD is 
plugged in) to the dump point at the crusher, exceeded the length of cable (275m) on the Toro 450E 
machines.  After much discussion with the manufacturers, a programme to refurbish the cable reels and 
associated motors and bearings was developed.  This then allowed a total of 336 metres of cable to be 
carried, enabling operation from any drive on Lift 2.  The use of electric LHDs is considered a success at 
Northparkes Mines.   

The improved efficiencies anticipated by removing the need for the LHD to turn around between loading at 
the draw point and tipping at the crusher were observed and the high quality concrete roadways were a 
contributor to this achievement.  During 2005, in an attempt to increase cave propagation on the eastern side 
of the cave, the rate of draw was increased.  The LHDs were tramming more tonnes from the draw points 
furthest from the crusher tip.  A problem with tyres overheating on the LHDs became apparent as their rated 
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duty was being exceeded.  This was a significant issue as the tyres were failing catastrophically after 
relatively short periods of time.  These failures were being experienced at a time of a world shortage of 
earthmoving tyres.  This was resolved in the short term by restricting the LHDs to operate in 3rd gear, thus 
reducing their speed.  The long term solution has been to switch to lugged tyres, which have better heat 
dissipation characteristics (and rated  tKm capacity) compared with the traditional mining slick tyre. 

The LHD, once loaded at the draw point travels towards the tipping point (bucket first) and this was 
discussed at length during the presentation of Duffield's paper.  The concerns being raised by others was that 
the LHD would be returning from the tip to the draw point “backwards” and be unable to clear the road of 
any spillage.  It is common practice for LHD operators to lower the bucket when returning to a draw point to 
clear any spillage since spillage has a tendency to have a negative impact on tyre life as it can readily cut the 
tyre sidewalls.  Tyre failure due to sidewall cut was not common during the operation of Lift 2.  Operators 
would periodically perform a dedicated “clean up run” to remove any spillage.  Quantities of spillage 
encountered were not significant, since with smooth roads and no direction changes, there are few 
opportunities for material to fall out of the bucket.  

The high stresses present in Lift 2, combined with the fracture frequency and joint spacing in the rock led to 
the fragmentation observed in the draw points being significantly finer than expected.  This has undoubtedly 
contributed to the efficiency of the LHD loading cycles as the loading portion of the cycle was more 
straightforward that that typically experienced in a block cave draw point containing course material.    

2.5 Dewatering 
The system described by Duffield bore little resemblance to that eventually installed.  The option of 
relocating the Lift 1 pumps that had been discounted for cost reasons was found to be most effective when 
looked at in more detail.  The assumption that the capital cost would be higher was incorrect and it was 
found that the pumps could be relocated and used to pump the higher heads without additional costs.  The 
final arrangement consisted of two of the mines original pumps being moved from Lift 1 down to Lift 2.  The 
third pump was retained as a stand by pump.  The capacity of the installed system was 50 litres per second 
compare with the planned 54 litres per second.  This was deemed acceptable after reviewing the use and duty 
of the lift 1 system and analysing the modelling work performed on potential rainfall events and percolation 
rates.   

The emergency storage capacity planned for the extraction level was significantly reduced (to save on 
development costs) but the submersible pump arrangement was set up on the extraction level but this was fed 
from a small sump.  The vertical sump above the main pump station was replaced by a small horizontal sump 
with an agitator (to prevent accumulation of solids/sludge by keeping them in suspension). 

The pumping system has performed adequately since commissioning.  It should be noted that Northparkes is 
a dry mine with very little ground water inflow (less than 10 litres per second).  The bulk of the water 
pumped out of the mine is in fact introduced for dust suppression, primarily through draw point sprays.  
Another point of note is that region in which the mine is situated has been under drought conditions for the 
duration of Lift 2 operations.  This has put more focus on the usage of water and Northparkes has been 
recognised as having an extremely effective water management strategy. 

2.6 Infrastructure 
The 2000 extraction level design did not include any dedicated Gate End Bays (GEBs).  These are required 
to park the electric LHDs and also provide space for Gate End Boxes or “plug in” points.  The feasibility 
concept was to simply park the LHDs in the extraction drives and mount the boxes on the sidewall opposite 
the drive entrance.  This was clearly impractical since such an arrangement would prevent any vehicular 
movement along the perimeter drive whilst LHDs were connected.  A decision to excavate the 5 GEBs was 
made (Figure 6) and this was an improvement on the cable suspension arrangement used on Lift 1 which 
contributed to lower cable wear. 
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Figure 6  Extraction Level Infrastructure 

In 2000, the intention was to continue to utilise the underground workshops and associated office 
infrastructure that had been very successful in the operation of Lift 1.  However during the early stage of the 
construction, this was debated with the operations staff and the conclusion was reached that this would not 
be an appropriate strategy.  The real benefit of the Lift 1 underground workshop and office facilities is that 
they were very close to the action as they were situated on the extraction level.  When the operation of Lift 2 
was considered, these facilities would be approximately 2.5 km away from the new extraction level, via a 1:6 
decline.  The difficulties of moving a machine requiring major repairs from the extraction level to the 
workshop in that case would have been extreme.  The underground workshops and offices would also be 
remote from the main office complex and senior management.  This would effectively have provided the 
worst of both issues – the day to day facilities would be remote from both the operational area and main site 
infrastructure. 

The final arrangement was to utilise the project construction offices, on surface near the portal, to house the 
mining (operations and technical) and maintenance staff.  An underground workshop was then designed for 
the Lift 2 extraction level (see Figure 6).  This was a change of scope which added cost and development 
metres at a stage when the project was trying to reduce both.  The Lift 2 workshop is significantly smaller 
than the one on Lift 1, even though it caters for the same mobile fleet.  Whilst concerns were raised by 
maintenance staff at the time, the facilities have proved to be satisfactory and have not adversely affected 
availabilities of equipment.   

2.7 Ventilation 
The ventilation circuit was only described as a simple network in the paper by Duffield.  Indeed the final 
circuit follows the same basic circuit and at a conclusion that may be reached is that it was installed as per 
design. 

In practice however, there were many issues, particularly during the construction phase.  The total quantity 
of air available on the Lift 2 extraction level, met the designed quantity.  The distribution of air across the 
extraction level was another issue.  The extraction level has six drives in parallel (see Figure 6), each 
requiring around 15m3 per second.  During construction, many of the draw point excavations are holed prior 
to the blasting of draw bells and this creates multiple connections between the drives that are considered to 
be in parallel.  This allows air to flow from one drive to another and reduce the quantity and velocity in most 
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of the drives, especially on the Western side of the block.  The extraction level construction phase also 
involved the pouring of concrete roadways and when curing these generated additional heat and humidity.  
This period of activity coincided with the summer months and elevated surface temperatures.  These effects 
all combined to produce unworkable conditions.  Temporary brattices, booster fans and close monitoring of 
temperatures (and relative humidity) by supervisory staff were necessary to ensure that persons were not 
exposed to conditions likely to result in heat stress or stroke. 

The installation of permanent ventilation doors was not completed until very late in the project as these were 
not seen to be critical. With hindsight, had they been installed sooner, conditions during construction would 
have been better than those experienced. 

A fundamental difference between Lift 1 and Lift 2 was the direction of airflow relative to the LHD 
tramming direction.  On Lift 1 the LHD trammed with direction of airflow past the cab then over loaded 
bucket, ensuring that the driver always had good visibility.  The arrangement on Lift 2 meant that the loaded 
LHD travelled in the same direction as the airflow.  This meant that the operators were often enveloped in 
the dust created by loading at the draw point and either had to tram in sub optimal visibility (presenting a 
safety hazard) or wait for the dust to clear before proceeding to the tip.  With enclosed, air conditioned cabs, 
tramming in a dusty environment may not present occupational health issues due to dust inhalation, but there 
is still an increased risk of collision with the sidewall due to limited visibility. 

Whilst this issue was raised by operations on several occasions, the overall tramming efficiencies seem to 
indicate that it was not a significant factor inhibiting production.  

3 Discussion 
Most of the changes to the 2000 design were to reduce metres of development with the expectation that this 
would in turn both save costs and save time.  However progress during the development of the access 
declines fell behind schedule.  One of the primary reasons for delays was ascribed to poor ground conditions 
resulting from increased stress levels (Ross, 2004). 

Initial test work indicated that the principal stress (σ1) varied between 22Mpa (at Lift 1 extraction level) to 
around 36Mpa (on the Lift 2 extraction level).   However stress measurements taken on the undercut horizon 
(15m above the Lift 2 extraction level) indicated that the predominant principal stress was closer to 53Mpa.  
Several strain bursts occurred which necessitated revising the support regime and orientation of drives 
(where possible).  This contributed to the access development and the key excavations such as the crusher 
chamber being ultimately about 12 months behind schedule. 

The rapid progress of the undercut afforded the opportunity to accelerate the extraction level development 
and construction.  The use of robotic charging systems and programmable detonators on draw bell blasting 
and a modular approach to draw point and roadway construction meant that the later stages of the project 
progressed faster than planned.  The net result was that the project was approximately 6 months late after 
significant improvements in undercutting and extraction level construction had been made.         

The original plan had assumed that production would ramp up as draw points were progressively opened 
across the level.  In fact all the draw points were blasted before the ground handling system was completed, 
which meant that the entire block was ready for production as soon as the system was commissioned.  This 
allowed a rapid build up and planned peak production levels were reached in less than 12 months from 
production start up (August 2004).   Production exceeded planned capacity in October 2005, with 500,000t 
being produced during the month.  This equates to an annualised rate of 6Mt, which exceeds the planned 
capacity of 5.2Mt.  This rate was maintained in 2006 and so both the extraction level design and ground 
handling system can be considered to be effective. 

There have been no issues with the water handling system that was installed.  Australia in general has been 
in a drought condition for the last few years, and the Parkes area of NSW has been severely affected.  This 
has meant that the water handling system has never been put to the test.  The modest ground water inflow 
and dust suppression water is pumped daily.  The formed drains referred to by Duffield were not installed 
and this has not impeded operations but has had a negative effect cosmetically with thin layers of mud and 
fines frequently occurring in extraction and perimeter drives leading to the sump.  
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4 Conclusions 
The Northparkes E26 Lift 2 block cave has exceeded the designed capacity and most of the designed features 
met expectations.   There were issues experienced in the development phase of the project but the impacts of 
the problems were reduced by an accelerated undercutting and construction phase.  Had the changes in 
layouts not been made, the block cave would have only been commissioned even later. 

Once commissioned the cave ramped up to planned capacity rapidly and then went on to exceed planned 
production rates.  It can be considered a success from an operational perspective. 

With the benefit of hindsight, some of the design assumptions around caveability and fragmentation were not 
correct.  This may have been a result of not having adequate tools available at the time of the feasibility 
study, or the physical conditions may have been too close to the limits of accuracy of those tools.  The fine 
fragmentation may have contributed to the good efficiencies and high levels of production more than some 
of the design considerations. 
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Abstract 
Resolution Copper Mining is in the early stages of a prefeasibility study into mining a large copper-
molybdenum deposit located 110km southeast of Phoenix, AZ. The current plan is a panel caving operation 
with a production rate of 110,000 tonnes per day and a project life of nearly 50 years. Mining the orebody 
presents several technical challenges primarily related to depth (2000 meters below surface), high virgin 
rock temperatures (80° C), relatively weak rock, and subsidence constraints. This paper will explore the 
rationale behind choosing panel caving as the preferred mining method, as well as the details regarding the 
design, orientation, and direction of caving panels in light of our unique technical challenges and 
constraints. Resolution Copper Mining is a limited liability company owned by Resolution Copper Company, 
a Rio Tinto plc subsidiary, and BHP Copper, Inc., a BHP Billiton Ltd. subsidiary. 

1 Introduction 
The Resolution Copper Project is located approximately 110km southeast of Phoenix, Arizona (Figure 1) in 
the Pioneer Mining District, and near the town of Superior and the historic Magma Mine. The project is 
operated by Resolution Copper Mining (RCM) which is a limited liability company owned by Resolution 
Copper Company, a Subsidiary of Rio Tinto, and BHP Copper, Inc., a BHP Billiton Ltd. subsidiary.  

In 1994, geologists working for the Magma Copper Company were conducting underground exploration 
drilling for additional high grade copper veins. While drilling they recognized an alteration package 
characteristic of a porphyry system. In January of 1996 they made their first of five intercepts into the top 
portion of the Resolution orebody, including a 254m intercept of 1.94% Cu. In 2001 Rio Tinto took over 
management of the project and began drilling out the porphyry deposit via deep holes from the surface.  

 

Figure 1 Location of Resolution Copper project 
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The project is currently in the second year of a five year prefeasibility study. The underground mine is being 
designed as a panel cave. Panel caving is a form of cave mining in which the orebody is undercut and caved 
progressively in a series of usually parallel panels (Brown, 2007). This paper will explore the rationale 
behind choosing panel caving as the preferred mining method, as well as the details regarding the design, 
orientation, and direction of caving panels in light of our unique technical challenges and constraints.  

2 Geology 
The Resolution orebody is a large, deep, high-grade porphyry copper deposit located about two kilometers 
southeast of the historically productive Magma Vein and adjacent copper manto orebodies. This deposit is 
situated on the eastern margin of the Basin and Range province of southeast Arizona and is hosted by 
Laramide volcano-sedimentary rocks and subjacent middle Proterozoic shelf sedimentary rocks and diabase 
sills (1.07 Ga). This deposit is capped by 500-700 meters of post-Laramide, basin-filling Whitetail 
conglomerate (40-32 Ma) overlain by an aerially extensive, 500 meter-thick blanket of mid-Miocene (18.6 
Ma) Apache Leap dacite tuff (Marsh, 2002).  

The Resolution orebody can be describes as a dome-like shell of +1% Cu hypogene mineralization that has a 
fairly sharp ore/waste contact. The high grade Cu shell roughly measures 1.5km in diameter on the extraction 
level of the mine and had thickness in excess of 500 meters in places. The deposit is still open at depth and 
laterally in several directions. The rock types that will be experienced during mining will be highly variable 
in terms of lithology and alteration type, and will not be discussed further. 

3 Geotechnical 
The rock mass within the cave area has been divided into a series of geotechnical domains, with domain 
boundaries based primarily on lithology and alteration. The median uniaxial compressive strength of these 
domains ranges from 50MPa to 100MPa and RMR89 from 60 to 70.  

An analysis of caveability using Laubscher’s caving chart (Laubscher, 1994) indicates that caving will 
commence after a hydraulic radius (HR) from 20 to 40, depending on the geotechnical domain. For all the 
cases examined the hydraulic radius required for caving is reached within the first year of undercutting 
(Atkins, 2008).  

Analysis of in-situ fragmentation has been undertaken using the Discrete Fracture Network (DFN) approach 
(Golder Associates, 2007). This work provides a predictive relationship between fracture frequency from 
drilling and the size and shape of in situ blocks. Detailed core logging suggests that clearly open joints are 
spaced every 1.5m, open joints with signs of drilling induced failure every 0.4m and cemented joints (veins) 
every 0.3m. Assuming that in situ blocks are formed only by the clearly open joints gives a typical in situ 
fragmentation of 5m3. The coming year will see detailed estimates of further fragmentation due to stress 
induced failure and comminution in the draw columns (primary and secondary fragmentation). Initial 
analysis suggests that the cave will operate under conditions of relatively fine fragmentation.  

4 Project Challenges 
Mining the Resolution orebody will present several unique technical challenges primarily related to depth, 
high virgin rock temperatures, relatively weak rock, and constraints to subsidence. These challenges, 
described below, are not commonly faced by caving operations. 

4.1 Temperature 
The Resolution copper deposit is located in a region with a geothermal gradient of 27° C/km of depth, 
resulting in a virgin rock temperature of 80° C at the extraction level. Operating a mine in these rock 
temperatures will require large quantities of refrigerated ventilation. Refrigeration has a high capital and 
operating cost and therefore all aspects of the mine design and operating philosophy have to consider the 
impact on cooling requirements. For example, the current plan incorporates automated electrical equipment 
wherever possible as it can operate in a higher temperature environment and creates less heat than manually 
operated diesel equipment. As a result, the ventilation and cooling of the mine has been broken into a series 
of tiered zones based on the maximum allowable reject temperatures. Manned work areas will have a 
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maximum temperature of 27.5°C (wet bulb); automated areas will be allowed to operate to a maximum of 
30°C (wet bulb). There will be an overriding maximum of 40°C (dry bulb) in all areas of the mine. 

4.2 Drift Stability  
The in-situ stress to rock strength ratio at Resolution is high, ranging from 0.6 up to 1.0. Consequently it is 
anticipated that there will be considerable rockmass damage around all underground excavations. This 
situation has led to the mine plan incorporating an advance undercut so that the bulk of the extraction level 
development can be mined in the improved stress conditions below the undercut. The drift stability challenge 
will be particularly evident on the undercut level and this has been recognised in the unconventional design 
described in section 5.1.  

4.3 Subsidence Constraints  
The deposit is located adjacent to a cliff face (Apache Leap) and several steep-sided canyons. These features 
have aesthetic, community and environmental value and must not be affected by subsidence. Consequently, 
the mine design and sequence has been developed specifically to manage the risk of subsidence and a 
comprehensive cave and subsidence monitoring system has been included in the mine plan.  

4.4 Orebody Size 
The Resolution Copper orebody has a footprint spanning approximately 1500m x 1000m with an average 
height ranging from 200m to 500m. The mine will require around 12km of shaft sinking, 4500 draw points, 
320km of drifting, and 20km of ventilation and ore passes. The sheer magnitude of the operation will present 
challenges at all stages of the project, from orebody and rockmass characterisation through to mine design, 
construction and operation. 

4.5 Depth and Logistics  
Unlike existing high tonnage caving operations the Resolution deposit will have to transport all workers, 
materials and air through a series of 2000m deep shafts. This will pose a significant logistical challenge. The 
capacity of the shafts (hoist and ventilation) and the capital cost associated with expansion will also play a 
major role in determining the project’s development and production rates. 

5 Panel Caving 
Early mine designs for Resolution had two individual footprints located on separate elevations, both utilizing 
block caving layouts and sequences. Through additional advancements in orebody knowledge and 
refinements in the definition of mining constraints, it was evident that a single footprint was permissible and 
that panel caving was preferable over block caving. The main reasons behind this conclusion are described 
below.  

5.1 Advance Rate 
Advancing a single face across the entire footprint in a block cave layout would involve a face length of up 
to 1400m. Given downstream tonnage limitation this face would be moving at approximately 2.7m/month. 
As a result of this slow advance rate, the development in front of the retreating undercut cave would be in a 
high stress abutment for up to five years. Given the poor ground conditions and relatively high stress at 
Resolution, this situation would not be favourable for maintaining serviceable openings. Changing to a panel 
cave means that the undercut face would be moving at approximately 10m/month and abutment exposure 
times would be greatly reduced.  

5.2 Ventilation 
Given the significant cooling requirements it is beneficial to keep activities in as small an area as practical. 
The further fresh air has to travel, the more it will take up heat from the surrounding rockmass, increasing 
primary and secondary cooling requirements. Therefore the relatively compact layout associated with a panel 
cave allows for a more efficient ventilation and cooling system than block caving.  
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5.3 Deferred Capital Development  
An advantage of panel caving is that significant quantities of capital development can be deferred until later 
in the project’s life, which helps maximize the project’s economics. Breaking the footprint into a series of 
smaller mining areas allows for shorter undercut lengths, which minimizes the number of undercut and 
extraction drives than need to be developed to maintain production. There is a similar reduction in upfront 
development requirements in other areas of the mine, such as the haulage and ventilation levels, ore passes 
and ventilation raises. 

6 Panel Layout and Sequence 
The current panel cave layout and sequence are shown in Figure 2. This design represents a balance between 
mitigating technical risks and maximising project value. When designing the layout the overall aims were to: 

• Minimize surface subsidence risks. 

• Minimise abutment stress damage. 

• Avoid alignment with major structure. 

• Maintain a manageable undercut face length and advance rate. 

• Maximize the project’s Net present Value (NPV).  

 

Figure 2 Footprint with panels and principal stress directions 

6.1 Panel Dimensions  
The width of the panels is designed at 300 meters and the length is up to 1200m and limited only by the 
dimensions of the mine footprint. The 300m width was determined by the maximum area serviced by two 
electric loaders, which are currently limited to 200m cable reels. Regardless of this limitation there is little 
motivation in going wider than 300m. The undercut face quickly gets very long and slow moving. With a 
300m panel the face is already reaching up to 600m in length.  

A panel width smaller than 300m would have a negative effect on capital costs as it would require an 
increased number of perimeter, haulage and ventilation drives. Also, it may negatively affect the mine’s 
ability to achieve the required production rates, whereby multiple panels would need to be operational at one 
time, greatly complicating the ventilation system.  

6.2 Panel Sequencing 
Sequencing and panel orientation were designed to negate or minimize the risk of subsidence near Apache 
Leap and to bring production on as early as possible and in higher grade ore. The resulting sequence and 
panel orientation are shown in Figure 3.  



 

   39

 

   

Figure 3 Panel extraction sequence with undercut orientation and direction of advance 

Given the level of uncertainty in predicting subsidence in an unknown mining environment, an accurate 
prediction may not be possible until the actual caving and subsidence patterns have been observed. 
Resolution’s approach to this issue is to commence mining at safe distance from Apache Leap and then by 
advancing the cave closer while measuring subsidence effects using an extensive monitoring system. It is 
anticipated that after 10 years of mining the boundary of the subsidence zone will still be over 1100m from 
Apache Leap (Figure 4). If the actual subsidence patterns prove to differ from current predictions, Resolution 
will be able to adjust the mine plan to account for the observed conditions well before the surface features 
are threatened.  

The ideal cave initiation point from a subsidence risk point of view also happens to be in an area of the 
relatively high grade and ore column height. As such, the subsidence risk issues have been addressed without 
significant compromise to the project NPV.  

 

Figure 4 Progression of panels and associated subsidence zone 

6.3 Undercut Retreat Orientation  
The preferred orientation of the retreating undercut face also influenced the orientation and starting point of 
the panels. Based on an analysis of stress and major structures it was decided that the retreat should be 
aligned between 120 and 170 degrees. This leads to the most favourable conditions for stability in the area 
immediately in front of the retreating undercut. This is illustrated in the Panel 1 undercut retreat shown in 
Figure 2. Contrary to the generalized recommendations by Trueman et al. (2002), this will align the undercut 
retreat to the maximum horizontal stress. Resolution’s maximum principal stress is vertical rather than 
horizontal, as assumed by Trueman.  
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7 Mine Level Designs 
The overall mine design for the Resolution Copper panel cave is divided into five levels as illustrated in 
Figure 5. Each level is described in detail in the following sections.  

7.1 Undercut 
The undercut level is located 15m above the extraction level and is planned as an advanced undercut using 
the wide incline layout (Figure 6). Undercut drifts will be 4m wide by 4m high and driven on 30m centres. 
This layout is similar to the undercut employed at North Parkes (Silvera, 2004) and Palabora (Calder et al, 
2000), except the drifts are spaced at 30m centres, instead of 15m, and all undercutting is inclined.  

The 30m drift spacing was chosen after numerical modelling indicated that pillars between 15m spaced drifts 
would fail completely even prior to being subject to abutment stresses (Itasca, 2006). When modelled with 
30m centres a solid pillar core remained between the undercut drifts.  

 

Figure 5 Schematic Layout of the Resolution Mine Design  

Flat undercutting has been avoided in the design due to concerns with the practicalities of drilling and 
blasting flat holes in the highly stressed or failed pillars between drifts. Inclined holes are also expected to 
suffer stress related damage, but will tend to be self cleaning.  

The wide incline undercut will have the added advantage of halving the development requirements and 
lessening the likelihood of development constraints on undercut rate. Currently, the production schedule calls 
for 3,750 m2 of undercutting per month to meet production requirements. Typical undercut rates vary from 
500 – 5000 m2 per month, with the mean being in the range of 2000 to 2500 m2 per month (Brown, 2007). 
The mine is planning to undercut at a slightly higher rate than the industry average for the majority of its 40 
year mine life. Lower development drifting requirements and increased area per undercut blast should allow 
for Resolution to meet these undercutting rates.  

 

Figure 6 Schematic diagram of wide incline undercut 
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 7.2 Extraction Level 

The extraction level will be located on a single elevation and broken into six individual panels. Extraction 
drifts will be spaced at 30m centres with drawpoints every 20m in an offset herringbone layout. The 
Herringbone layout was chosen over El Teniente as it fits best with automated electric loaders, provides 
advantages from a ventilation stand point, avoids 4-way intersections, and leaves a slightly wider pillar 
between drawpoints (Pascoe, 2007).  

Figure 7 shows the exhaust raises located in the middle of the extraction drift with fresh air entering from 
both ends. This allows two loaders to simultaneously operate from either end of a panel drift in a fresh air 
environment.  

 

Figure 7 Schematic diagram of extraction level layout and ventilation concept. 

The layout results in a maximum spacing between draw zones of 22m. This is slightly wider than usual and 
was a compromise between the conflicting aims of achieving interactive draw and maintaining stable pillars 
around draw bells. Initial analysis indicates that interactive draw will be achieved despite the relatively wide 
spacing and fine fragmentation. This is primarily a result of the high heights of draw that allow time for the 
draw columns to ‘erode” out to the point of interaction.  

Each draw point will have a maximum draw rate of 0.4m. Based on an analysis of stress and major structures 
it was decided that the retreat should be aligned between 120 and 170 degrees and the draw bell construction 
rate will ramp up to 6.25 draw bells per month at full production. 

7.3 Ventilation Levels 
The primary ventilation system will draw fresh air down the production and service shafts and expel exhaust 
air out a set of three exhaust shafts. Each mining panel will have a dedicated set of parallel intake and 
exhaust drifts running beneath the panel. These drifts will be connected to the undercut, production and 
haulage levels via a series raises. Initial ventilation requirements are 2,100 m2/s (Bluhm Burton Engineering, 
2007). 

Refrigeration for cooling of mine air is integral to the overall ventilation system. At Resolution, heat is 
generated from broken rock and excavation walls because of the high virgin rock temperatures. It has been 
estimated that to cool 110,000 tonnes per day of broken rock from 80° C to 30° C during ore flow will 
require 45MW of cooling (Moreby, 2006). Other sources of heat include auto-compression of the air, the 
local hot climate, and heat from machinery. Currently, the project will require an estimated 114MW of 
cooling plant capacity. This will be supplied by a series of refrigeration plants and smaller bulk air coolers 
located both on the surface and underground. 

7.4 Ore Flow System 
Resolution Copper had developed an initial ore flow concept to move the material from the draw points to 
the mill stockpiles. The ore flow includes an autonomous rail haulage system (AMEC, 2007), crushers, 
shafts and conveyors. 
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The main haulage level is situated 60m beneath the extraction level and consists of six parallel rail loops. 
Each loop consists of two parallel drifts spaced 18m apart and connected through a series of bypasses. This 
allows trains to bypass areas where chutes are being constructed and allows for the isolation of manned and 
automated areas. Each loop of the rail haulage system will be developed just prior to the commencement of 
production in its associated mining panel.  

Ore will be loaded into the rail cars through a series of chutes with adjustable position chain gates. To attain 
full production rates of 110,000 t/d, the system will require five trains each consisting of two 45 tonne 
electric locomotives pulling twenty 40 tonne bottom dump rail cars. The rail cars will then discharge the rock 
into a series of bottom dump facilities situated above the main crushers. The train dumps and crushers are 
located outside of the cave’s stress abutment. 

Once the ore is crushed, it will be conveyed to the ore silos feeding the main production shafts. Each 
production shaft will consist of three Blair Multi Rope winders operating six skips. The ore is then skipped to 
an underground dump station that feeds a conveyor running to the mill site.  

Initial design and simulation analysis on the ore flow system has shown it is capable of sustaining a 
production rate of 110,000 t/d.  

8 Conclusions 
The Resolution Copper Project faces a combination of technical challenges unique to a caving operation. 
Work undertaken in the early stages of the prefeasibility study indicates that a panel cave layout is best 
suited to overcome these challenges. Successful implementation of the project will require that all design 
assumptions are challenged and updated throughout the study based on advances in orebody knowledge, 
technical capability and industry experience.  
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Abstract 
Although most mining companies, and the El Teniente Division of Codelco is no exception, spend the vast 
majority of their time looking forward, it is often valuable to look back in time, evaluating what has 
happened, both the good and the bad, and extracting the lessons learned. This paper reviews the growth that 
El Teniente has experienced over the period 1997 – 2007, the changing geotechnical conditions under which 
this growth has taken place, the mining system development which has been required in response to the new 
conditions, and some of the lessons learned.  

1 Introduction 
The aim of this paper is to review cave mining as carried out at the El Teniente mine over the past 10 years 
and to present some thoughts about the lessons learned based upon this experience. 

In 1997, El Teniente mined 97.000 tpd of ore. Of this, 50% was primary ore (hypogene, hard rock), and the 
other 50% was secondary ore (supergene, and softer rock). Two big challenges were successfully faced (1) 
the re-start of the Teniente Sub-6 sector after the major rockbursting events which occurred during 1989 to 
1992 (Rojas et al (2000), Dunlop and Gaete (1995), Dunlop and Gaete (1997)), and (2) the start up of a new 
mining sector in primary rock, Esmeralda (Barraza and Crorkan (2000)). 

With regard to Sub-6, a very successful experimental mining program was carried out between 1994 and 
1996 with the result being a significant advance in the knowledge of rockbursting. The lessons learned 
included: (1) practical ways to minimize the risk through the control of mining (draw rates, undercutting 
rates), (2) the development of a seismic monitoring system, and (3) the introduction of procedures to 
minimize worker exposure. By 1997, Sub-6 was producing 10.000 tpd, the breakthrough to the overlying 
cave surface had been accomplished, and the sector was undercutting and growing without major rockbursts 
(see Figure 1). 

 

Figure 1 Mining activity in the Sub-6 sector. After Rojas et al (2000a). 
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The design of the Esmeralda sector (see Figure 2) was based on experience gained in the mining of Sub-6 
and Teniente 4 South. The pre-undercutting concept (Rojas et al (2001), Rojas et al (2000b)) was introduced 
to avoid the heavy damage to the production level and to the orepasses which is normal in conventional panel 
caving due to the passing of the abutment stress ahead of the undercutting front. The introduction of pre-
undercutting naturally required a new mine design. Undercutting at Esmeralda started in 1996.  

Ore mined

December 1999

Undercut limit

N

 

Figure 2 The Esmeralda sector in year 1999 

2 Increasing Production at the World’s Largest Underground Mine  
Over the period 1997 to 1999, a pre-feasibility study was conducted in response to the need to replace the 
Sewell mill and to expand the total milling capacity from 97.000 up to 126.000 tpd. With regard the Sewell, 
although the mill had performed admirably since its inauguration in the early 1900’s, it was showing its age 
and the mine was deepening below the transport level used to feed the plant. 

The investment program considered increasing the concentrator capacity at Colon through the addition of a 
new sag mill and the expansion of the ball milling and flotation plants. The project also included increasing 
the capacity of the main railway system located on Teniente 8 through automation and the replacement of 
locomotives (Salt and Mears (2006)). 

With respect to the mine, the expansion project was based on the incorporation of two new mining sectors 
(Pipa Norte operating at 10.000 tpd and Diablo Regimiento operating at 28.000 tpd)), and the expansion of 
two existing sectors (Esmeralda from 20.000 tpd to 45.000 tpd and Reservas Norte from 10.000 to 35.000 
tpd). The challenges included not only an increase of around 30% in the production rate but also dealing with 
a change in the character of the ore being mined (up to 80% primary ore). 

The mining plans were based on the learning obtained to date in Sub-6 and Esmeralda. Draw rates range 
between 0,3 and 0,6 tpd/m2 with undercutting rates up to 30.000 m2 /year per sector. Diablo Regimiento had 
to face the breakthrough phase to the cave above. Past experience had shown the process to be particularly 
complicated in Sub-6 and to a lesser extent in Esmeralda.  

Reservas Norte, the expansion of the former Sub-6 sector, had undergone major changes in design, including 
the change from post undercutting to pre undercutting, and a new truck-based material handling system with 
ore passes down to Teniente 8. 
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The Pipa Norte and Diablo Regimiento (see Figure 3) designs were based on that of Northparke´s, due to 
their relatively small foot print size. The aim was to achieve high productivity (over 200 tpd/man) and haul 
the ore from the draw points to grizzlies mounted directly over the crushers. The pick hammers mounted 
above the grizzlies could handle large boulders (up to 1,5 m). The design included the use of large LHD’s 
(13 yd3), and an LHD automation system (Varas (2004), Schweikart and Soikkeli (2004)). 
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Figure 3 Diablo Regimiento production level showing the crusher station locations  

3 The El Teniente Mine Today 
Now, ten years after starting our expansion program, we are producing at around 140.000 tpd of which 80% 
is primary ore. The expansion program increased the fine copper production from 330.000 up to 430.000 
mt/y. This has happened in the upper part of the copper price cycle. 

In general terms, the smaller sectors such as Pipa Norte and Diablo Regimiento, have experienced only small 
differences between the actual results and those planned.  

Pipa Norte has had very good geotechnical behaviour. The advance of the undercutting has occurred 
smoothly and without major problems. 

The breakthrough process at Diablo Regimiento, helped by pre-conditioning using hydraulic fracturing, was 
very successful. The seismicity was of low magnitude and no rock bursts occurred during the entire process. 
The expected time for the breakthrough, based on Esmeralda and Sub-6 experience, was 23 months. The 
actual breakthrough took just 10 months. This allowed the sector to achieve a production rate above the plan 
established for 2007. 

The major problems, most of them from the geotechnical side were focused on the big caves: Esmeralda and 
Reservas Norte.  

The main goal of the Esmeralda design was to avoid large rockbursts and, in that, the design has been very 
successful. However, since year 2001, the mine has been faced with collapses in the central part of the face. 
The undercutting rate has been reduced and we have been forced to generate contingency plans in order to 
deliver the planned production. A change from pre- to advance-undercutting is in process, and also a new 
mining sequence that reduces the width of cave faces.  
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Figure 4 The Esmeralda sector in year 2007 
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Figure 5 The Reservas Norte sector in year 2007 

In Reservas Norte, the main problem has been rockbursting, especially in the west side of the face (stronger 
rock mass). A series of rockbursts since 2001 have slowed the pace of the advance of the cave, and a big 
rockburst in August 2005 forced us to review the way the sector was planned to be mined. After the 
successful experience with pre-conditioning in Diablo Regimiento, all the caving front of Reservas Norte 
(68.000 m2) has been preconditioned. Undercutting and extraction on the pre-conditioned rock mass will start 
by the end of 2007. 

We have managed to handle all of the difficulties mentioned with different contingency plans, but with 
higher costs than those planned. The lessons that will be shared form the basis for the changes that El 
Teniente is making in order to enhance the performance and reliability of the main mining areas. They will 
also be the basis for new projects. 
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4 The lessons learned 

4.1 Beware of wide caving fronts 
If we look at the history of mining in Teniente over the last 25 years, the major problems have been 
associated with wide panel caving fronts. Teniente 4 South, Sub-6/Reservas Norte and Esmeralda have all 
had caving fronts with widths between 500 m and 900 m.  

It is difficult to find experience elsewhere with such wide fronts. The normal experience in other mines is to 
use caving fronts with widths less than 300 m (see Figure 6 and Table 1). 

Table 1 Mining front width for several caving mines 

Mine Front width (m) 
Esmeralda (Teniente) 500-800 
NorthParkes < 200 
Palabora 200 
DOZ 200-300 
Henderson 150-200 

In our experience, wide caving fronts have associated operational and geotechnical difficulties, mainly the 
occurrence of collapses. 

ESMERALDA MINE

DOZ 

PALABORA 

 

Figure 6 Caving front widths for several panel caving mines 

The hypothesis (Ferguson (2006)) concerning the geotechnical difficulties is that the wide and long panel 
caving fronts promote high abutment stresses and large displacements of the rock mass both above and 
below the caving excavation as the undercut front passes. The large displacements beneath the caving 
excavation, the associated strains, and the induced relaxed zone, significantly weaken the jointed rock mass 
in which the production level is developed. The greatest effect of this weakening will ordinarily be observed 
in the central area of the caving front especially where the rock mass characteristics have been modified by 
the presence of major structures. 
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The operational difficulties involved in the use of wide caving fronts, plus the logistics and management 
problems involved in supervising such caving fronts (almost a kilometre in length in some cases), are 
daunting. It is very difficult to successfully operate a very wide front.  

The practical argument in favour of the use of reduced caving front widths is the successful experience 
obtained in the Teniente 4 Regimiento, Teniente 3 Brechas, Teniente 4 Isla LHD, Pipa Norte, Diablo 
Regimiento, and Puente mining sectors. All had caving fronts of reduced width. 

During 2006, the mine had a very successful experience with reducing the cave width in Teniente 4 South. 
Now, we are moving to reduced width caving fronts in Esmeralda and Reservas Norte. The new Pilar Norte 
project (17.000 tpd cave) will be developed using the same concept. 

4.2 Advance undercutting: fine tuning the mine design 
The Teniente experience throughout the 1980’s and in the beginning of the 1990’s was the use of post 
undercutting. The main problems with the design were the high level of damage in the production level, the 
low availability of the production infrastructure and the over-breaking of ore passes. 

The high magnitude of the abutment stresses (between 70 to 90 MPa) generated a zone of damage around the 
caving face and remedial actions were needed after the pass of the face. Also the different levels were 
extremely vulnerable to seismic events which generated heavy damage especially in the abutment stress 
zone. 

In 1997, pre-undercutting was introduced in the Esmeralda sector (Figure 7) with the aim of minimizing the 
damage on the production level and to have a stronger mine infrastructure to reduce the damage generated by 
seismicity. 

The quality of the development improved in a remarkable way together with a huge reduction in the damage 
level. The availability of the mine increased (from 75% with post undercutting up to 90%), and the design 
resisted the seismic activity very well. In fact the damage on the production level as a result of seismicity 
was negligible. 

The condition of the ore passes also improved, not only because of the change in the construction sequence, 
but also because of improvements in support (steel rings). 

However, new problems were generated by the design that had not been previously assessed properly. The 
first one was that the damage issue was translated to the undercutting level (UCL). In post undercutting the 
undercut design involved drifts separated by 30m leaving pillars of 26m width. The height if the undercut 
was 18m. In the pre-undercutting design, the drifts were separated by 15m, leaving pillars of 11m width. The 
undercut was flat with a height of 4m. The reduction in pillar width combined with the increased abutment 
stress condition ahead of the extraction face due to the flat undercut, generated a problem of damage in the 
UCL. This was especially serious in the weaker rockmasses (the central and eastern part of the face). 
Damage to the blast holes, for example, greatly complicated the undercutting process. Poor drilling and 
blasting generated the possibility of leaving remnant pillars which, in turn, caused collapses on the 
production level. 

The second problem with the design involved logistics and planning. The concept of developing and building 
most of the mine below the completed undercut implies two things. The first is that you need a distance of at 
least 60 m between the undercut face and the first drawbell in extraction. Very simply, you need “space” to 
do the mine preparation. The second thing is that you have a very small space to do the job. This generates a 
great level of congestion and a low number of working faces. The problem, of course, increases with a wider 
caving face. 
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Figure 7 The development zone in pre and post undercutting. After Rojas et al (2000a) and 
Rojas et al (2001). 

This condition imposes heavy restrictions on sector development, reducing the productivity and increasing 
the cost. In response, there is a tendency on the part of the operators to try and generate more space by 
increasing the distance (the beam length) between the undercut face and the extraction face. However, this 
increases the abutment stress, the seismicity and the damage level in the UCL. 

Finally, pre-undercutting, given the fact that it does not allow the construction of ore passes and 
infrastructure ahead of the caving face, complicates the possibility to encircle and limit in a fast way any 
collapse of the production level. This complicates the management of the problem.  

What is the best design? We think that the advance undercut design is the best solution. It reduces the 
complexity regarding mine preparation, reduces the beam length and has a better chance to handle collapses. 
The experience in Pipa Norte, Diablo Regimiento and Reservas Norte is practical confirmation of that. We 
are changing to advance undercut in Esmeralda and implementing it in new projects such as Pilar Norte. 

We are still looking for a better design for the UCL. The high stress level in Teniente complicates any design 
because the pillar safety factors are very close to 1 and wider pillars are very difficult to blast efficiently. 

4.3 Design and plan to face problems since bad things could occur 
The experience of the past years has shown that geotechnical problems like collapses and rockbursts can be 
controlled and reduced. However they will occur. 

Mine planning and mine design have to take into account the geotechnical risks and contingency actions and 
plans must be developed in order to reduce the impact of their occurrence. 

In the production expansion feasibility study, a risk analysis of the mine plan was performed and 
contingency measures were defined to handle major deviations. Two means to mitigate risks were analyzed: 
the extraction of crater material, and the availability of contingency sectors. 

The crater material is the broken ore left in place during the mining of overlying levels. More than 10 levels 
have been mined since 1905 with cut off grades over 1 %, especially in levels mined before 1970. Because of 
the grade selection process and incomplete recovery in certain areas, a huge resource is now available in the 
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crater which is now convenient (economically) to be mined. At present, the crater resource usually forms 
only a small portion of the mine plan. Since 2003, a drilling program has been carried out in order to have a 
better knowledge of the resource. Better information is now available.  

Contingency sectors typically contain “marginal” ore. They are smaller projects that can be easily put into 
production in order to handle a major failure or deviation in the mine plan. Mining sectors of 5.000 to 7.000 
tpd and with a life of 3 to 5 years are identified and the engineering is done in order to have a portfolio of 
options to cover the risks. With the advance of the mine plan, a decision has to be taken whether to use the 
option (to build the project) or to wait. Also, the mine design must be fully developed in order to be able to 
respond and behave in an appropriate way when these events occur. 

In the case of the Esmeralda, a hard lesson was learned. As was mentioned, the Esmeralda design was 
conceptualized to solve the rockbursting problem and to avoid long ore passes to reduce the over-break. With 
regard to the risk of collapse, the concept was that through the use of pre-undercutting the production level 
would be of such high quality and strength that the risk would be minimal. 

With that in mind, the design of the levels (30 m between the production level and the haulage level with 
another 30m to the ventilation level) was made. Unfortunately, the close proximity of these levels imposed 
great difficulties for the recovery of a collapse behind the production level. Such a recovery at Teniente 4 
South, which had a different disposition of levels, was highly successful. 

In summary, problems will happen and the mine plan and design must take into account that fact. Both the 
plan and the design must have the flexibility to handle the problems. 

4.4 Quality and discipline are essential 
Which of the problems in the mine are due to technical issues and which ones can be attributed to bad quality 
and discipline? 

It is difficult to know, but our opinion is that most rockbursts and collapses could be avoided by improving 
quality and achieving better discipline. 

In the case of El Teniente, since 2004 a major effort has been made to improve the quality assurance and 
control systems. In the field of mine development and construction, a huge improvement was done through 
(1) a strengthening of the management and technical teams leading the job, (2) better and more detailed 
plans, and (3) a new bidding system (long term contracts). However we still are having quality problems, 
especially in the undercutting process. 

The issue is very difficult because of a cultural problem and the size and complexity of the operations and 
the organization. The challenge is to move from a production culture to a quality culture. The geotechnical 
environment El Teniente is facing, high stress and low safety factors, does not allow for mistakes. 

The future deepening of the El Teniente mine requires this cultural change to be accomplished and an 
operational management system based on quality and the strict achievement of plans to be put into place. 

4.5 Mining control is not enough to handle seismicity 
The control of induced seismicity through control of the mine process and seismic monitoring has been very 
successful at Teniente. The number of rockbursts has been dramatically reduced over the last 10 years. We 
have not have suffered any rock-burst related fatalities in the last 16 years while mining over 500 million 
tons of ore. 

However, big rockbursts occur every two or three years generating severe damage and delays to the advance 
of the caves. More importantly, they pose a severe risk to the personnel. 

The last big rockburst which occurred on August 30, 2005 in Reservas Norte indicated to us that monitoring 
and control of mining were not enough to minimize that kind of risk.  
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Figure 8 Seismic activity before and after preconditioning 

The answer, it seems, is to modify the rock using hydraulic fracturing in order to allow it to have a more 
controlled dissipation of energy. The experience in Diablo Regimiento with pre-conditioning showed that the 
maximum size of seismic events can be reduced significantly (Figure 8). The result was maximum seismic 
events of magnitude Richter 1.2, versus Richter 2 that were to be expected based on Esmeralda experience 
(Araneda and Morales (2007)). 

The mine is now putting in place an extensive pre-conditioning program in Reservas Norte, the most 
seismically active area, and using an upgraded seismic network. The evaluation of this experience is key to 
assessing the effect of pre-conditioning in the reduction of seismic risk and it’s relevance for the future of 
mining in Teniente. 

Another lesson learned in relation to seismicity is the effect of the column height on seismic risk. For several 
years there was the belief that column height had a major influence on seismicity. In fact, the Esmeralda 
mine was designed with a low column height (140m) precisely to avoid the possibility of having big seismic 
events related to a high column height. 

The actual experience shows that induced seismicity has a greater relationship to the rock mass 
characteristics (competence) than column height. In fact, the region with the greatest column height in 
Teniente (East wall, over 400m high) has a lower seismic risk compared to the lower column height zone 
(West zone with more competent rock). That empirical fact reinforces the rationale behind pre-conditioning 
as a promising tool for reducing seismic risk. 

5 Summary – Facing the Future 
We have reported some of the lessons learned over the last 10 years. The question is how to best incorporate 
this learning into the actual operations and future projects. 

An example of a current project is Pilar Norte which involves the mining of an ore pillar containing 40 Mt 
located between the Esmeralda and Reservas Norte sectors. Pilar Norte has incorporated: 

• Reduced width caving faces 
• “Block” type mining sequence  
• Massive pre-conditioning 
• Advance undercut 
• UCL design with more robust pillars 

Besides these technical issues, quality, discipline, and cultural changes must all be achieved. 
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We have major challenges to address and problems to solve in Teniente over the next few years, not only in 
the present mine, but also in the design and construction of the next deepening, the New Mine Level project. 
The sharing of lessons between companies is relevant if the mining industry wants to succeed in the future 
development of current caving operations and new projects. 
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Abstract 
Tongkuangyu Copper Mine is the only mine in China that presently employs block caving (i.e. panel caving) 
on a large scale. Phase 1 of the project for above 690m sea level has a designed production capacity of 
4Mt/a with block caving and pillared sublevel caving accounting for 3.4Mt/a and 0.6Mt/a respectively. It 
includes two lifts, i.e., Lift 810 and Lift 690. The common pneumatic drillers are used for undercut drilling 
and slushers for ore-drawing. Undercut and production commenced on Lift 810 in 1989. Now its ore 
production rate surpasses its designed capacity. 

Phase 2 of the project is designated to mine the ore body below 690m sea level and it is currently being 
constructed. The total designed production capacity of the mine in this phase is 6Mt/a. Its ore crushing 
system and conveying system can serve two lifts, i.e., Lift 530 and Lift 410. The block caving with LHD 
process will be used in all areas, in which electric hydraulic drill rigs will be used for undercut drilling and 
electric LHD for ore-drawing. Ore will be hauled to dumping stations by locomotives and ore cars in 
haulage level and crushed by two jaw crushers. And then conveyed to the mill plant by four belt conveyers, 
two of those in underground and two in surface. The main development system of the project comprises one 
belt incline (about 3200m), one ramp and one blind mixing shaft (one cage and one skip). The ramp is laid in 
parallel to the belt incline and its branch goes to all extraction levels.  

Presently the excavations of the belt incline and the ramp have been finished and the blind mixing shaft has 
been gone into production yet. The constructions of other parts are in underway. Phase 2 is planned to begin 
production in the early month of year 2009. 

This paper will briefly mention the usage of block caving in Phase 1 of Tongkuangyu Mine and in detail 
introduce the design of Phase 2 Project. 

1 Basic introduction of Tongkuangyu Copper Mine 
Tongkuangyu Copper Mine is the only mine in China that presently employs block caving on a large scale. 
The upper part of ore body is near the ground surface and the lower part lies deeply. The ore body is large in 
width and about 1000m in strike. Phase 1 project is for mining above 690m sea level——the main tunnel 
level. It has a designed production capacity of 4Mt/a with block caving and pillared sublevel caving 
accounting for 3.4Mt/a and 0.6Mt/a respectively. Production commenced on Lift 810m in the year 1989, 
employing block caving mining method and slusher ore-drawing process. Lift 690m was put into production 
in 2000. Generally speaking, slusher ore-drawing process is still mainly used. LHD ore-drawing process is 
being tested in No 4 ore-body of Lift 690m.  

Tunnel and shaft development system is used to access the ore body above the 690m level. Shaft 1 is the 
service shaft (930m to 690m sea level) of net diameter 6.5m, which is equipped with twin single-deck cages 
of 4.5m×1.76m. The waste shaft is a skip shaft (930m to 636m sea level) equipped with one bottom-dump 
skip of 3.2m3, net diameter 4.5m, through which the underground waste is hoisted to surface of 930m sea 
level and then transported to waste pile by truck. 

The main tunnel of 690m sea level is over 3000m in length. The distance is about 850m between the portal 
of the main tunnel and the dumping station in the concentrator. Ore from above 690m sea level is hauled to 
the concentrator through 10m3 stationary mine cars driven by 20t locomotives. There is a concrete mixing 
station in 930m sea level mine field where concrete is made and flows by gravity to the secondary mixing 
station located in 810m level and 700m level through a pipe in Shaft 1. 
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Phase 2 project is designated to mine the ore body below 690m level and it is currently being constructed. 
The total designed production capacity of the mine is 6Mt/a. LHD process will be used in main production 
level and the slusher process will still be used in the auxiliary production levels. Full-scale production is 
scheduled to take off in 2009.  

2 Geology 
The Tongkuangyu mineralized zone is located in the middle-to-top portion of the Tongkuangyu 
metavolcanic group, which is part of the Lower Proterozoic Jiang County Group. The Tongkuangyu deposit 
is a complex copper deposit having undergone multiple geologic activities and multiple geneses. Within this 
geological setting, the No.4 and 5 ore bodies are the largest. The reserves of No.4 and 5 ore bodies account 
for 90% of the total reserve of the mine which is 320Mt with more than 2Mt-contained copper, grading 
0.67% Cu averagely. However, the grades of accompanied useful elements, such as Mo, Co, Au and Ag are 
very low. The No 4 and No 5 are lenticular in shape and lie parallel to the host rocks, dipping 30° to 50°, but 
are laterally displaced by a distance ranging between 110 to 130m, although locally a distance of about 170m 
exists. No 4 ore body reposes in the hanging wall of No 5. The strike length of the footprint of ore body is 
about 560m and the width is 80 to 240m. 

Based on the ore reserve and other factors and because the ore body is still unclosed below 410m sea level, 
the development of Phase 2 is considered to serve two lifts, i.e., Lift 530m and Lift 410m.  

In terms of selected block caving, the footprint is confined. The concerning factors include economic profit, 
caving continuity, rock mass quality and so on. The minimum footprint width of 90m, the minimum column 
height of 30m for main production level and 60m for auxiliary production levels as well as the wholeness of 
mining area should be met. The confined results see Table 1.  

Table 1 The results of confined mining areas---footprint  

Footprint area（m2） Mineable reserve（Mt） 
Lift Ore 

Body Main 
Production 
level 

Auxilliary 
Production 
level 

Total 
Main 
Production 
level 

Auxilliary 
Production 
level 

Total 

Cu 
grade 
(%) 

Cu 
metal 
(kt) 

Average 
column 
height 
(m) 

4# 85050 47250 132300 2258.8 1100.5 33.593 0.587 197.30 93 

5# 83250 19800 103050 2338.4 457.4 27.958 0.492 137.60 99 530m 

Total 168300 67050 235350 4597.2 1557.9 61.551 0.544 334.90  

4# 99000 27000 126000 2670.7 540.1 32.10 0.546 175.19 93 

5# 112500 37800 150300 2818.6 776.3 35.954 0.576 207.26 87 410m 

Total 211500 64800 276300 5489.3 1316.3 68.054 0.562 382.45  
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3 Geotechnics 

3.1 Mechanics parameters 
The property parameters of ore and rock see Table 2. 

Table 2 The property parameters of ore and rock 

Rock property 
Uniaxial 
compressed 
strength（MPa） 

RQD 

（%） 

Tensile 
strength（
MPa） 

RMR Remarks  

No.5 ore body——Metaquartz 
crystal tuff (Ma) 
 

104 80.7 5.7 56.16 Common rock mass 

No.4 ore body——Metamorphic 
basic intrusions (Mb) 102 62 2.8 55.15 Common rock mass 

 3.1.1 N0.5 ore body 

First set--Dip direction 280°～350°，dip angle 62.9°，2.06 piece per meter. Second set--Dip direction 110°

～180°，dip angle 53.9°，1.95 piece per meter. 

3.1.2 N0.4 ore body 

First set--Dip direction 260°～360°，dip angle 59.2°，1.8 piece per meter. Second set--Dip direction 80°～
150°，dip angle 62.2°，1.86 piece per meter。 

3.2 Caveability assessment 
Some rock mechanics research including the caveability and rock fragmentation prediction for upper ore 
body was made during the early research period of block caving in Tongkuangyu Mine. But little work has 
been done for ore body below 690m sea level. So the caveability and rock fragmentation prediction could 
only be made based on the materials of upper ore body. 

On the basis of RMR values shown in Table 2, MRMR (Laubscher’s empirical rules) can be estimated as 
51.8 to 61.8 for deep rock mass according to weathering, joint orientation, in-situ stresses and secondary 
stresses as well as blasting factor. 

The caveability belongs to medium. The hydraulic radius varies 23 to 32 responding to Laubscher’s 
empirical figure. 

3.3 Fragmentation prediction for Lift 530m 
BCF fragmentation program is used to predict fragmentation according to above rock mechanics condition. 
The maximum horizontal stress is as two times as the vertical stress during the fragmentation prediction. The 
predictions are made according to various column heights for No.4 and No.5 ore body. The average 
secondary fragmentation rate (less than 2m3) is respectively 78.4% and 82.3% for No.4 and No.5 ore body. 
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4 The experience summary of Phase 1 project 
The block caving with slusher drawing-ore process has been used in the whole Lift 810m and the large part 
of Lift 690m. See Fig. 1. 

 
1—Track haulage drift 2—Return air drift 3—Slusher drift 4—Finger hopper 5—Undercutting drift 6—
Blasting hole 7—Intake and return air level 8—Return air raise 

Figure 1 The bottom structure layout of slusher process 

The undercutting drifts, arranged evenly at spacing of 10m, lie 6.5m above the slusher drifts, which are 
located 3m above the track haulage level and set along ore body’s strike. The main intake and return air level 
are 10m below the haulage level. The interval between loading drift and return air drift in haulage level is 
30m. 

The slusher drifts are arranged alternately along the strike of ore body. The spacing of drawpoints in plane is 
10m×10m. The diameter of finger hopper is 3.6m and the size of its gate is 3m×1.8m (width×height).  

The fan-type medium-long blasting holes with 68 to 72mm diameter are drilled for undercutting using 
pneumatic YGZ-90 drill. The spacing of blast-hole rows is 1.8m. The height of undercutting is 6 to 7m. The 
slushers with the power of 90kW and 2m3 bucket and twin winds are used to tram ore. The tramming 
distance is 5 to 35m. Ore is loaded to 6m3 bottom-tipping mine cars directly by slusher.  

The LHD process used in Lift 690m is in the part area of No 4 ore body. It is a pilot scheme for large-scale 
LHD operation that will be used in the whole area of Lift 530m. The draw point spacing is 15m×15m. The 
electric LHDs of EST-3.5 are used to tram ore. The fan blasting holes are drilled by YGZ-90 drill. Because 
of the use of LHD process a great change has been made. The hang-ups decrease evidently. The secondary 
breaking is done by using hand-hold driller to drill blasting holes and blasting. Compared to slusher process, 
it’s relatively convenient to handle oversized blocks. The actual capacity of EST-3.5 LHD is about 1000t/d, 
that is, about 0.22Mt/a. 

Based on predicted fragmentation distribution, the width of drawpoints should be about 4.3m but it is 
unfortunate this dimension is inapplicable in slusher process of ore drawing. In the case of LHD process it is 
a suitable dimension. Because of too many large blocks and small hauling force, the slusher is difficult to 
haul too many large blocks. So slusher process is not suitable for Lift 690m, especially Lift 530m and the 
LHD process is the best choice. 

The main experiences are as follows: 

• The production practice shows that the block caving is successful in Tongkuangyu Mine and suitable to 
these mines like Tongkuangyu Mine with low grades. Also the potentiality of production promotion is 
great.  

• Relatively high oversized block rate coupled with serious blockage of hoppers and large volume of 
secondary breaking as well as low utilization rate of slusher drift for slusher process.  
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• Difficulty in controlling ore drawing. Owing to frequent hang-ups, slushermen find it difficult to draw 
ore evenly from all slusher drifts. More ore is often drawn from drifts in good situation. It results in large 
ore loss and dilution. 

• Low production efficiency. Direct ore loading into mine cars by slushers results in low slusher 
production capacity. The cycle-time for the ore train and secondary breaking is long due to unwarranted 
delays. It becomes difficult to promote worker’s efficiency. 

• Drop rate of drawing-ore cannot reach the designed rate of 0.11m/d. It is necessary to enlarge the 
production area to promote the ore output. It’s hard for further promotion. 

• During the production of Lift 810m no ground pressure activity was observed in large scope. However, 
as mining operation gets deeper and deeper, large-scale ground pressure harm becomes prevalent 
especially in Lift 690m where huge losses were recorded. Excessive ground pressure causes slipping of 
drift walls, roof falling, and deformation of blast-holes for undercutting and ore loss at some places. The 
excessive ground pressure is attributable to stress concentration at the feet of the arch, the stress 
concentration caused by rock walls and rock pillar, the stress concentration caused by bulk drawing-ore, 
as well as the effects of localized faults.  

The summaries above have important instruction effect on the design of Phase 2 project. 

5 The design of Phase 2 project 

5.1 Mining process 

5.1.1 Layout of level development 

The first mining lift of Phase 2 project is Lift 530m. There are 5 main levels, respectively upwards, 530m 
track haul level, 542m intake air level, 554m main production level, 564m exhausted air level and 570m 
undercut level. The height gap is 24m between the track haul level and the main production level, 12m 
between the main production level and the undercut level. See Fig. 2 and Fig. 3. 

5.1.2 Main production level 

The draw point spacing of 15m×15m is determined based on the properties of rock mass and the column 
height of Lift 530m as well as the experience of similar mines abroad. The extraction drifts is laid 
perpendicular to the strike of ore body separated by intervals of 30m. The drawpoints are laid with offset 
herringbone. The angle between the extraction drift and draw point drift is 45°. The drawbell is 15m long, 
10m high, 4.7m in lower open mouth and 10m wide in upper open mouth, which can be formed by blasting 
with medium long holes and a slot in its middle. The cross section of the extraction drift is 4.2m wide by 
3.4m high and draw point drift 3.8m wide by 3.4m high. 

The haul drifts are laid along the orebody’s strike with 4.2m wide by 3.4m high, respectively outside the 
boundaries of No. 4 and No.5 ore body. The concrete roads of 200mm thick are used for extraction drifts, 
draw point drifts and haul drifts. 

Ore passes are arranged with the interval of 60m and the net diameter of 3.5m, along the haul drifts lying at 
hanging wall and footwall of No. 4 and No.5 ore body, through which none blocks of more than 1.2m, can be 
passed. The ore pass is 20m long with the effective volume of 170m3. In order to prevent oversized blocks 
into passes, the grizzly will be installed at the entrance of ore passes. 

Electric LHDs of 4.6m3 bucket will be used to load ore with an average tram distance of 100m. Secondary 
breaking will be done by mobile breakers, which will move to drawpoints to break oversized blocks. 

Return airways along the orebody’s strike are laid 10m above the extraction level, which are connected by 
air raises and emerged into a general return airway.  
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Figure 2 The layout of the main production Level 

 
 

1—Extraction drift 2—Electric slusher drift 3—Track haulage drift 4—Ore pass 5—Undercutting drift 6—
Slot for pre-splitting 7—Pre-splitting drift 8—Ore pass for auxiliary level 9—Intake airway 

Fig. 3 The layout of block caving process 

5.1.3 Undercutting level 

Undercutting level lies 16m above the extraction level. The undercutting drifts separated by the interval of 
30m with cross section of 3.6m×3.6m, perpendicular to the orebody’s strike, which are exactly above the 
extraction drifts and can suitable for production drill jumbos. 
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The drifts for initiating undercutting are laid 7.5m inside the boundary of orebody’s footwall, along the 
orebody’s strike. There are two ramps connecting the main extraction level and undercutting level 
respectively for these two orebodys. 

The blast holes of about φ70mm will be drilled by electric-hydraulic drill jumbos, with the undercutting 
height of 6 to 7m. 

5.1.4 Pre-split engineering 

In order to realize effective caving, pre-split drifts are arranged at 570m, 600m, 623m level respectively with 
drifts of 240m, 410m and 420m, along the eastern side (i.e. the end of footprint) and hanging wall of 
footprint. The pre-split height is 40m and its drift section 3.5m wide by 3m high. 

5.1.5 Auxiliary levels 

In order to recover the ore of the footwall outside the main production level, two auxiliary production levels 
(i.e. 594m level and 624m level) are arranged respectively at the footwall of two ore bodies. And electric 
slusher process would be used so as to save the equipment capital. Those slushers which are being used for 
Lift 690m will still be used. 

The slusher drifts which are 1.9m wide by 3.4m high are arranged along the strike of ore bodies. The spacing 
of drawpoints symmetrically set in plane is 10m×10m. The ore is trammed by slusher into ore pass, then 
down to loading drifts in 530m level. The undercutting level lies 6m above the auxiliary extraction level. The 
undercutting drifts are 2.5m wide by 2.5m high set at the interval of 10m. There is a drift for slot at the east 
end of orebody’s boundary of every auxiliary level. 

A ramp with 3.8m wide by 3.4m high is arranged to connect the main production level and the auxiliary 
levels respectively in the footwall of No.4 and No.5 ore body.  

5.2 Development and transportation 
Based on the mine’s topography, the existing facilities and ore body’s lying condition, the development 
system with a belt incline, a service ramp, a blind multi-function shaft is utilized. The lift height is about 
120m and there are two lifts, i.e. Lift 530m and Lift 410m, for Phase 2 project. Lift 530m is the first one to 
be developed. See Fig. 4. 

 
Figure 4 Development system layout of Phase 2 project  

5.2.1 The belt conveyor Incline  

The belt conveyor incline is for ore delivery, through which the crushed ore will be conveyed to the surface 
by a long belt conveyor with high intensity. The elevation of the portal of the incline is 707.5m above the sea 
level and that of its bottom 297.9m above the sea level. The incline is 3128m long with a gradient of 
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12.977% and 3.5m wide by 2.8m high. The total height gap is 410m. This is the longest single belt conveyor 
incline in China.  

The ore conveying system comprises four belt conveyors, two of them (S1 and S2) in surface and two (U1 
and U2) in underground. The ore is loaded by vibrating feeders to U1 and transferred to U2, the main 
inclined belt conveyor. U2 conveys the ore from underground to the surface. Ore is transferred from U2 to 
S1 and from S1 to S2, finally to the mill plant. 

U1 belt conveyor is 55m long with the belt width of 2m. The horizontal conveying distance of U2 is 
3236.7m with the belt width of 1.2m and its drive station lies at the entrance of the incline. 

S1 is about 669m long (in horizontal) with the dip angle of -1.353° and the tail drive is used. S2 is 226.5m 
long (in horizontal) with the dip angle of 3.713° and the head drive is used. 

5.2.2 The service ramp 

The service ramp is the main pass way for personnel and material transportation, mobile machines, and other 
heavy-duty machines, parallel to the belt incline, with the spacing of 30m between the ramp centre line and 
the incline centre line. One branch of the ramp reaches 554m level (the main production level, i.e. the 
extraction level), one reaches 410m level, one reaches 340m level (crusher level). The ramp is 4.3m wide by 
3.6m high. Its gradient is 12.977% when parallel to the incline and 15% for that to 554m level and 410m 
level. The total length of the ramp is more than 5000m. The ramp and the incline are linked by cross drifts at 
the interval of 150m for maintenance and safety.  

5.2.3 Multi-function shaft 

The multi-function shaft is a blind shaft located in the footwall of No.5 ore body. The upper horse-head gate 
is at 690m level and the shaft bottom is at 320m level. The shaft is 416m long and 5.6m in diameter and 
equipped with ladder cabinet. Its main task is to hoist waste, some personnel and materials and small 
machines. It’s equipped with a bottom-dump skip of 4m3 and a twin-deck cage of 3100mm×1350mm in 
mutual balance. The hoist winder is a multi-rope friction winder, with the type of JKMD 2.8×4, driven by an 
A.C. engine of 400kW. The spillage (waste) is recovered from the shaft’s bottom to 340m level through a 
small incline and hoisted to 410m level into waste pass. 

5.2.4 Crusher station 

The underground crusher is located on 340m level and serves Lift 530m and 410m. The fragmentation of ore 
into ore pass is less than 1200mm and that after crushed is less than 300mm. A gyrator of 54” is selected 
which will be manufactured to several sections for convenience of transportation. 

5.2.5 Track haul level 

530m level and 410m level are the track haul levels for ore and waste transportation and set as loops with 
loading at crosscuts. There are 11 trains totally in 530m level for transportation of ore and waste, which are 
controlled by central signal. Ore is unloaded at one of two dump stations into central ore pass, then down to 
the crusher. The waste is hauled to the waste dump station located by the multi-function shaft, then into 
waste pass and hoisted to 690m level by skip. Then it is transferred through waste trains on 690m level to the 
skip shaft and hoisted to the ground surface of 930m above sea level. 

The ore train on 530m level comprises 2 locomotives of 20t and 16 ore bottom-dump cars of 6m3. 7 trains 
are needed to work at the same time.  

The waste train is composed of one locomotive of 10t and 14 side-dump cars of 2m3 and one train plus a 
shuttle car of 8m3 are needed. 

5.2.6 Ventilation 

The mixing ventilation system of pushing and pulling is used for Phase 2 project. The fresh air is pushed into 
No.6 shaft, then subsequently into the general intake-air drift on 542m level, the main intake-air drifts of 
No.4 and No.5 ore body, the extraction drifts on 554m level, return-air drifts and finally into the general 
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return-air drift. It’s pulled out into the surface through No.4 and No.8 shaft. The total air flow is 419m3/s for 
the whole mine. 

The air fans installed at the entrance of No.6 shaft and No.4 shaft have worked for many years and a lot of 
problems exist. They would continue to be used, but some repair works should be done. Two new fans with 
the power of 2×160kW per set and the air flow of 95m3/s per set will be installed at the general return-air 
drift of No.8 shaft on 554m level. 

5.4 Dewatering 
The dewatering pump station is located on 410m level. According to calculation, the normal underground 
water is 10000m3/d in dry season and 18000m3/d in rain season. The water is 95000m3/d in the probability 
of one in 5 years and 0.2Mm3/d in that of one in 20 years. The pumps are selected based on the probability 
of one in 5 years and 9 pumps with the capacity of 700m3/h per set are needed.  

5.5 Other facilities 

5.5.1 Compressed air facilities 

The existing compressed air station lies at the mine surface ground of 930m above sea level, comprising 9 air 
compressors with the capacity of 100m3/min per set. Only 4 air compressors are needed for Phase 2 project. 

5.5.2 Water supply facility 

A water chamber will be set near the service shaft on 690m level, into which the water below 690m level 
will be pumped. The water will be settled and cleaned. Then it flows down to the lower levels for usage of 
production. The surplus water will flow out to the ground surface along the tunnel of 690m level. Then it is 
pumped to the mill plant for usage of processing. 

5.5.3 Concrete mixing station 

The concrete needed for underground support, especially drawpoints’ support, will be made in the concrete 
mixing station, which exists near the entrance of the belt incline. The concrete-making capacity is 30m3/h. 

6 The construction situation of Phase 2 project 
At present Phase 2 project is under the way of construction. The blind shaft has been completed and put into 
production and now it is mainly undertaking to hoist the excavated waste. The belt incline and the ramp and 
the extension of No.4 ventilation shaft have been excavated. Also a lot of excavation on 554m, 530m and 
410m level has been finished. 

The average excavation speed of the belt incline and the ramp is both about 100m per month and the fastest 
are 150m per month. It reaches about 50m per month when the fault was met in the excavation. 

According to the present plan Phase 2 project will be put into production in the early month of Year 2009. 
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Abstract 
Palabora Mining Company is operating a copper block cave mine in the Limpopo province of South Africa. 
The mine was developed in the late nineties with a target ore reserve of 220 million tons of carbonatite at 
0.68% copper. At 30,000 tons per day the operation had an estimated life of mine of approximately 23 years.  

Cave induced open pit side wall failure occurred in late 2004 with 130 million tons of waste reporting to the 
bottom of the open pit. This failure resulted in potential sterilization and dilution of the ore reserve and 
subsequent reduction in life of mine. Physical and numerical modelling indicated potential losses of up to 
30% of the original ore reserves. 

Optimal ore reserve recovery can only be assured through high level cave management practices ensuring 
evenness of draw. This paper addresses the operational and technical challenges which could inhibit 
Palabora Mining Company from realising its planned life of mine. Challenges at hand include low cave 
availability, limited footprint area, external dilution and the recent fines rushes. 

1 Background 
Palabora Mining Company commenced with the development of a Block Cave Mine in the late 90’s with the 
objective to replace copper production when the open pit reached the end of it’s economical life in 2002. 

2 Location and Setting 
Palabora Mine is located close to the town of Phalaborwa in the Limpopo province of South Africa. The 
copper is hosted in a carbonatite intrusion granite-gneiss country rock at 2.06 billion years. The main ore 
copper bearing minerals are chalcopyrite and bornite. Thick dolerite dykes of up to 60m, at Karoo age bisect 
the complex and are reported as internal dilution to the ore body. 

3 Feasibility Study 
A feasibility study was completed in 1996 for a Block Cave Mine targeting a block height of ±500m and an 
ore reserve in excess of 220 million tons of carbonatite at 0.7% copper. The production target set was for 
30,000 tons of ore on a daily basis resulting in a life of mine of approximately 23 years. 

4 Production build-up and crown pillar failure 
The block cave went into production towards the end of 2000 with a production build-up of 2.5 years. The 
crown pillar failed at the end of 2002 with the cave day-lighting in May 2004.  

5 Open Pit Side Wall Failure 
Subsequent to crown pillar failure cracks were being observed surrounding the open pit especially towards 
the North and Northwest. During October 2004 the North-western wall failed with a movement of 
approximately 130 million tons of material into the open pit Figure 1. 
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Figure 1 Gemcom Modelling for a total of 130 Million Tonnes  

The failed material consists mainly of Micaceous Pyroxenite with a relatively high P2O5 content but 
unfortunately a very low copper content of <0.01%. 

6 Ore Reserves 
The ore body was constructed using diamond drilling and blast hole data from the open pit as well as a phase 
of underground diamond drilling during feasibility study. 

Ordinary Krigging was used to develop the Block Model from the diamond drilling.  

In defining the ore body a suite of assumptions had to be made due to a lack of block cave mining experience 
in hard competent orebodies. Two major contributing factors to deviations in ore reserves were the 
prediction of Cave Angles and the stable nature of the open pit walls.  

6.1 Cave Angles 
The cave was believed to break back at angles of below 84° - 86° resulting in an ore reserve of in excess of 
240 million tonnes. Advanced modelling, physical modelling and a better understanding resulted in predicted 
cave angles of approximately 86° - 88°. This resulted in a reduction of reserves as the cave envelope 
decreased. 

6.2 Pit Shell Stability 
Modelling done by external consultants indicated the pit walls to be stable above bench 28, Figure2. 
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Figure 2 Circle indicate potential line of influence on Pit Shell 

History has shown that these models were not accurate and with the failure of the crown pillar by the end of 
2002 and day-lighting to pit bottom by April 2004, the “toe support” of the walls disappeared and dilation of 
the north wall in particular started. The dilation and unravelling of the north wall continued for the remainder 
of 2004 until failure in October 2004 when 130 million tons of waste material sloughed into the bottom of 
the open pit Figure 3. 

 

 
Figure 3 North Western view of the Palabora open pit after the failure in October 2004 
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6.3 Distribution of ore 
Being a pipe like intrusion the footprint was laid out in the central, highest grade zone of the ore body. The 
modelled ore reserves are defined as the portion of the pipe that will be extruded from the cave at angles of 
approximately 88° Figure 4. 

As is clear from figure 4 the ore zone extends beyond the pit bottom with the western sector having block 
heights of up to 600m (A) and the central block at approximately 400m. 

For caving purposes the ore zone that was modelled reported in various stages to the footprint. The central 
(vertical) block would first report to the drawpoints with the sub-vertical blocks toppling on top of the central 
block in the latter stages of mine life. 

 
Figure 4 Schematic of ore body relative to footprint and pit shell 

7 Failure Effect on Ore Reserves 

7.1 Dilution 
Since day-lighting in April 2004 and the commencement of downward movement of the ore column, 
entrance was created for any potential dilution until the end of mine life Figure 8 (1). To understand this 
dilution entry better various numerical models were constructed and industry benchmarks applied but as Dr. 
T Diering stated “Numerical models solve equations, people solve problems” it had to be tested. In order to 
test and support these findings a physical model was constructed simulating the cave on a 1:100 scale (Figure 
5). 
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Figure 5 Construction of Physical Model  

One of the main reasons for the running of a physical model was to determine the Point of Dilution Entry 
(PDE) into the drawpoints. This is of particular importance for reserve estimations and Life of Mine 
reporting. 

The waste was introduced into the model as glass beads and the subsequent flow tracked by positioned 
markers throughout the “model ore body” Figure 6. 

 
Figure 6 Glass beads introduced representing waste material from pit walls 

With 3 completed runs the PDE was determined at 75%. These runs confirmed that at 75% ore body 
extraction the dilution will enter the drawpoints with disastrous effects on the copper grade. 

Replacement of ore with waste due to failure 

The total initial reserves are made up of blocks that would report to the production level in chronological 
order as indicated in Figure 7. 
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Figure 7 Palabora Reserve 

Ore blocks 1 through 8 are the reserves vertically above the footprint with blocks 9 to 14 at various angles to 
the footprint. Reserves in ore block 14 at angles of 76° to 86° are referred to as toppling reserves as it was 
expected to “topple” over onto the downward caving blocks. 

With the waste in pit bottom it is obvious that the “toppling reserves” are replaced and subsequently will not 
reach the drawpoints.  

                                          

Figure 8 Ore Loss effects on the Palabora reserve from external dilution: 1 – Dilution entry, 2 – 
Replacement of ore by waste. 

8 Cave Management 
During the ramp up period not enough attention was paid to cave management measures amongst others 
being Draw Control Factor and Draw Compliance until full production was reached. The main reason for this 
was to get achieve viable production levels. The first 32kt average week was achieved in May 2005 and 

1

2
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since then more emphasis has been applied on proper draw control. Subsequent to the 2004 open pit wall 
failure, increased control has become more critical to prevent further ore reserve losses. 

8.1 Optimal Ore Body Extraction 
The Palabora target ore reserve has column heights varying from 400m in the central portion to more than 
700m in the west. If all drawpoints are drawn evenly it will result in ore above 400m on the western side to 
be sterilized as production and contained copper from that area will not be able to sponsor all the mining 
activities. It is therefore important to use a schedule ensuring draw rates from different areas are in line with 
the final envisaged cave shape.  

8.2 Cave Performance 
The Cave consists of three geological zones, however it has since been divided to four zones for 
management purposes. Each sector consists of five crosscuts with crosscuts 1-5 forming part of sector 1. 
Figure 9 below illustrates the variable sectorial drawpoint availability.  

During the 24 hour period the average cave availability equates to 50% whilst there is a significant status 
change within the four sectors. The low cave availability is driven by the fragmentation distribution. The 
Western section especially reports more than 5 hang ups per 1000 tons drawn. As the drawpoint status 
changes during the loading process from ready to down, loaders will move systematically to the next 
available set. Crosscuts with the highest number of down drawpoints are handed over to secondary breaking 
unit for treatment. Between three and seven crosscuts are treated per 8 hour shift. 

Data used below represents the 17th of July 2007, however similar patterns are expected for each day of the 
month. This erratic pattern is driven by the high production rates coupled with low yields in some 
drawpoints. Yield represents the average tonnage liberated per hang-up blasted. Low yield represents tonnes 
per hang up blasted below 310, high yield above 660 tonnes per blast whilst intermediate represents tonnes 
per blast between 310 and 660. 

Cave Availability (24hrs) 
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Figure 9 Cave Availability (24hrs) 

Figure 10 below is an illustration of the current footprint layout with each cell representing a drawpoint. The 
majority of the lowest yield drawpoints form part of sectors 4 and 1. Sector 4 contributes 33% of the ore 
reserves and inadvertently comprise of the majority of low yield drawpoints. Sector 2 has an average of 
about 1300 tonnes per hang-up yield and only contributes 24% to the ore reserves. 



 

 70

20 19 19 18 18 17 17 16 16 15 15 14 14 13 13 12 12 10 10 09 09 08 08 07 07 06 06 05 05 04 04 03 03 02 02
E W E W E W E W E W E W E W E W E W E W E W E W E W E W E W E W E W E

01 211 243 233 310 273 309 246 819 864 320 207 196 287 571 1049 822 5453 4764 3318 5536 1834 1684 1009 3021 2255 694 357 1620 628 459 435 531 382 455 510

02 190 219 256 273 344 221 463 779 578 370 983 378 599 531 645 1150 3792 1376 1124  840 505 2708 855 3142 1398 396 909 346 259 232 431 410 655 220

03 214 196 187 330 199 160 303 494 377 554 290 434 663 370 630 629 2866 1118 2168 3666 754 481 3593 1026 1933 1036 655 404 609 400 435 721 269 239 568

04 193 190 252 222 154 145 188 294 313 240 411 400 340 371 432 1953 13860 4575 854 3737 2292 1298 1099 584 654 206 782 204 303 326 634 625 267 275 453

05 363 325 163 324 164 138 301 230 278 279 339 272 254 1177 3558 2454 1771 1411 813 674 721  3019 1304 1712 344 339 222 297 391 410 247 530 268 368

06 256 257 227 173 210 198 387 760 710 281 577 756 880 687 1312 1060 4404 8940 1420 1015 941 509 1199 1356 687 346 315 375 202 179 379 559 317 205 432

07 223 119 373 205 765 2056 1891 2397 436 1064 695 729 1043 680 1060 902 9924 4603 1295 710 3754 4363 722 487 534 285 403 441 280 318 246 233 280 289 259

08 163 238 328 397 422 294 1222 521 1421 1810 1165 1554 7323 1597 548 1229 1572 540 1925 1495 1223 829 665 1155 244 245 197 174 336 234 293 330 451 443 260

09 228 322 6909 782 417 1614 957 506 1195 1501 444 165 182 101

10 562 1068 332 420 343 268 310 117

11 596 304 402 249

Drawpoint Yield

Low Yield Intermediate Yield High Yield  

Figure 10 drawpoint Yield  

Fines Rushes:  

During late 2006 Palabora experienced the first “fines rush” from a drawpoint. A “fines rush” is an 
uncontrolled flow of very fine material out of a drawpoint. The flow has the same characteristics as an 
avalanche with material flowing on air. A typical rush will fill the entire drawpoint to the brow and flow 
across the width of the crosscut up to the opposite sidewall. It is very clear that the significance of a fines 
rush is in safety. Since December 2006 more than 20 of these events were recorded.  

Effective cave management is the only way to ensure these uncontrolled flows of fine material does not 
occur regularly. It was found that it only occurred in drawpoints with height of draws (HOD) lagging behind 
HOD for neighbouring drawpoints. Draw strategies targeting even draw assist in achieving this objective as 
well as ensuring LOM predictions. 

8.3 Cave Management Systems  
The Palabora block cave was originally designed for 30,000 t/d mined from 20 crosscuts. Current target 
tonnages range from 32,000 to 34,000 t/d from 19 crosscuts. Originally, the mine was using a daily draw 
order system developed by Robin Kear. This was replaced in 2004 with Gemcom’s PC-BC and CMS 
systems, the latter being used for the daily draw order.  

PCBC (Personal Computer Block Cave) runs on a Gemcom platform with its subsystem CMS (Cave 
Management System). Annual and monthly plans are generated with PCBC. With the centre of the cave 
being the weaker zone, it was therefore an obvious initiation point. The failure incurred in 2004 meant that 
draw had to be significantly reduced in the middle and increased in the poorly fragmented west whilst 
maintaining high production rates. 

CMS is also being used at Freeport (where it was originally developed) and at De Beers’ Finsch Mine. At 
both these mines a daily draw order is generated. At Freeport (DOZ mine), the daily draw order is split into 
three equal shift orders. At Finsch, the daily draw order is fed into the Sandvik/Tamrock Automine system 
where it is converted into shift based orders. 

Palabora had been using a daily draw order in the initial start up and up until early 2006. Ever since full 
production was reached, it was soon realised that the daily order was not appropriate for Palabora conditions. 
Early 2006 the Scheduling Engineers initiated and trialled shift specific draw orders.  

The main driver for this was the desire for improved draw compliance and the ability to be more responsive 
to changing draw point status. With the high number of hang up draw points and their rapid turnover, the 
daily draw order was found to be unrepresentative of these dynamic conditions and hence the 
implementation of shiftly schedules. 

The Mine currently uses Dispatch, a product of Modular Mining Systems Africa (MMSA) to send and 
receive real time loading and cave status information.  
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Additional functionalities such as “draw order complete” warning were added to the system to improve 
operator draw order compliance. The entire secondary breaking unit fleet is now equipped with dispatch 
system to give operators access to real time cave status. This information is then used by supervisors to 
prioritise drawpoints and crosscuts that require immediate attention.  

Short term draw compliance has in the recent weeks remained steadily around the 80% mark regardless of 
the production rates. It is however early days before added value can be quantified from the Life of Mine 
Plan simulations. It is expected that over time, good draw control will assist in delaying early dilution ingress 
and thus increase the current Life of Mine. 

8 Conclusion 
The high level Cave Management practises employed at Palabora backed by the best hardware and software 
available will assist in achieving and maintaining evenness of draw ensuring optimal ore reserve recovery 
and Life of Mine. 

Reference: 
Dr T Diering.  PCBC A block cave design and draw control system. MassMin 2004 
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Abstract  
The Kennecott Utah Copper Corporation (KUCC), a subsidiary of Rio Tinto, owns and operates the 
Bingham Canyon Mine. The mine itself produces some 260,000 tonnes of copper cathode, 15,000 tonnes of 
molybdenum concentrate and 462,000 ounces of gold per year. The current pit plan sees production 
continue until 2019. Substantial mineralisation still exists with opportunities for extraction by surface and/or 
underground methods. Current studies are examining a number of open pit expansions, underground block 
cave mining options and combinations of the two as well as the inevitable closure of the mine. 

As part of the underground study, mining of a moderately dipping (45o-60o) skarn orebody is being 
considered. This orebody comprises the most competent as well as the poorest rock types in the entire area 
and has an average thickness of approximately 42m. This paper is focused on inclined caving of this area 
however there are many technical aspects which will determine the success or otherwise of this mining 
method in this deposit. This paper presents a general overview of the geological and geotechnical conditions 
associated with this area and describes the current mine design.  

1 Introduction 
The Bingham Canyon mining area is located 30km south-west of Salt Lake City, Utah in the Oquirrh 
Mountains in the United States (Figure 1). The main orebody is an intrusive porphyry deposit containing 
copper, gold, sliver, zinc, lead and molybdenum. It has been mined since 1863 using both underground and 
open pit mining methods. 

The current open pit mine is the largest man-made excavation on Earth with a depth of some 900m and 
diameter across the top of the pit of approximately 3.5km. 

Current pit material movement is 158,000 tonnes per day of ore and 240,000 tonnes per day of waste. Ore is 
hauled to an in-pit crusher from which it is transported 6km, via conveyor, to the Copperton Concentrator. 
The concentrator produces both copper and molybdenum concentrates. The molybdenum concentrate is 
trucked offsite to various customers while the copper concentrate is pumped to the smelter where it is 
filtered, dried and then smelted using flash smelting and converting furnaces. The smelting process produces 
copper anodes which are taken to the refinery where electrolytic processing produces finished copper. In 
2007, Kennecott Utah Copper Corporation produced approximately 265,623 tonnes of refined copper, 
13,520 tonnes of molybdenum concentrate, 16 tonnes of gold and 136 tonnes of silver. 

Current plans have open pit mining being completed by 2019 with significant mineralized zones still 
remaining in the ground. The priority of the study currently underway is to determine the feasibility of: 

• open pit expansion options 

• underground mining options 

• combinations of open pit and underground; or 

• closure 

Expectations are that Phase 1 of the studies will be completed by early 2010. 
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Figure 1 Location of Bingham Canyon Mine 

One of the underground mining areas under consideration is the North Rim Skarn. This portion of the 
orebody is only 42m thick and inclined at between 45o to 60ofrom horizontal. It is currently planned to be 
mined as an inclined cave, as economically this method provides the greatest value. It is acknowledged 
however, that inclined caving is not a well established means of extraction and that the weakness of the host 
rock compared to the more competent orebody mean that there are significant risks associated with this 
method. Sublevel caving is considered a likely alternative for mining and will be assessed in parallel with the 
incline caving option. It should be noted however that this method too shares many of the same risks as 
incline caving. Non-caving methods will also be considered should the risks associated with mass mining 
methods be deemed too great. The characteristics and the assessment of mining the North Rim Skarn done to 
date will be described in the following sections. 

Figure 2 provides a 3D view of the North Rim Skarn orebody and its relationship to the final pit. 
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Figure 2 Isometric views of the North Rim Skarn Deposit below the Bingham Open Pit 

2 Geology and Geotechnical Conditions 
The Bingham Canyon ore deposits are associated with tertiary igneous rocks which intruded interbedded 
quartzite and limestone sedimentary rocks. The large copper porphyry deposit is predominantly contained 
within a composite intrusive stock of monzonite, quartz monzonite porphyry, latite porphyry and quartz latite 
porphyry. The intrusive also created high-grade copper-bearing skarn deposits within the Jordan and 
Commercial limestone beds which are separated and overlain by quartzites. The North Rim Skarn deposit is 
within the Jordan Limestone unit (Figure 3). 

The geology of the North Rim Skarn mining area is complex with a number of skarn rock units making up 
the mineralized zone. The ore types are not well defined due to a lack of drilling however based on drill hole 
lithology available the North Rim Skarn mine area comprises: 

• 50% of the intersections are Garnet Skarn (GS) - RMR ~ 57; 

• 12% are Unconsolidated Massive Sulphide (UMS) - RMR ~ 14; 

• 12% are Consolidated Massive Sulphide (CMS) - RMR ~ 44; 

• 12% is Iron Skarn (IS) - RMR ~ 35; and 

• Four minor skarn oretypes make up the remainder of the deposit 

The footwall and hangingwall of the skarn are comprised of an altered and heavily fractured quartzite (QZ) 
(RMR ~ 11).  

700m

~400m
45o -60o

550m
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Figure 3 Typical Cross Section through the North Rim Skarn, Looking North 

Geotechnical Data has been collected at the Bingham mine over the last 40 years. The amount of useable 
data around the North Rim Skarn is limited due to its depth below surface level. During the 1980’s a shaft 
was sunk to access the North Rim Skarn mine area and to conduct further drilling of the Skarns. The 
geotechnical data collected from the drilling was limited to RQD and Fracture Frequency. This underground 
data makes up the largest data set. Figure 4 shows the distribution of geotechnical quantities collected around 
the North Rim Skarn.  

 

 

 

 

 

 

 

Figure 4 Distribution of Geotechnical Quantities of North Rim Skarn 
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Stress measurements taken in the North Rim Skarn area indicate that the principal stress is vertical with a 
magnitude of 27MPa. The major horizontal stress has a north-south orientation and a magnitude of 22MPa.  
Midland Valley is currently creating a 3D model of the strains created in the different geotechnical units 
caused by the faulting and folding of the orebody. It is hoped that the calculated strains can be correlated 
with existing fractures and related to the North Rim Skarn, identifying areas of higher fragmentation. 

3 Assessment of Inclined Caving 

3.1 Critical Hydraulic Radius 
As presented in the Golder Associates report 2003, two empirical methods were used to assess caveability, 
these being the Laubscher Stability Diagram and the Mathews Method. These methods use the Mining Rock 
Mass Rating (MRMR) and NGI-Q respectively as a measure of rock mass quality. The results of both these 
assessments for the rock types associated with the North Rim Skarn mining area are shown in Table 2 below.  

Table 1 Critical Hydraulic Radius Per Rock Type 

Rocktype Laubscher HR (m) Mathews HR (m) 
UMS 8 5 

IS 22 15 
GS 27 35 
QZ  11-27 

Figure 5 below shows the Matthews Stability Graph indicating the cavability after 100m vertical extraction 
of the North Rim Skarn relative to current and previous operations. 
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Figure 5 Extend Mathews Stability Graph 
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Even though caveability of the orebody and hangingwall does not appear to be an issue it is noted that there 
is limited industry experience with inclined caving and that inclined caving in rocks with such variable 
qualities is likely to produce complex caving conditions resulting in non-vertical cave draw. 

3.2 Fragmentation 
An assessment of block cave fragmentation for the inclined cave has been done using Block Cave 
Fragmentation (BCF) software. The predicted fragmentation of the North Rim Skarn is expected to exhibit 
significant variability including coarse and fine fractions. This variability is a function of the high quality of 
the garnetite skarns that make up 50% of the skarn block as well as the expected very finely fragmented 
material within the orebody associated with the unconsolidated massive sulphides. This variability in 
fragmentation is likely to pose localized operational and support difficulties. The fragmentation of the 
quartzite hangingwall is also expected to be finer than that of the garnetite, leading to preferential draw and 
possibility of high dilution. 

3.3 Dilution 
Dilution is expected to be a determining factor in the success or otherwise of inclined caving in this area. 
Having a stronger inclined orebody with coarser fragmentation within a weaker host, with expected fine 
fragmentation, is one of the least preferred caving environments. The early migration of fine waste material 
into the orestream is considered a major risk and one which may ultimately determine the suitability of 
inclined caving for these conditions. 

As referenced in the 2003 Golder and Associates report, work undertaken by Itasca in 2003 focused on using 
PFC2D to model the flow behaviour of the orebody when in production. The results of this work indicated 
that: 

• The draw columns do not appear to develop in a purely vertical direction; 

• The movement vectors of the caving material are “turning” towards the hangingwall. 

• The implication of the non-vertical draw columns could be in reduced column draw times and/or 
early entry of hangingwall dilution. 

Additional work will be undertaken to improve understanding of the effects of these complex flow 
mechanisms. This work will include REBOP modeling incorporating the results from rockmass 
fragmentation predictions using the synthetic rock mass analysis of the orebody and hangingwall material. 

3.4 North Rim Skarn and Northeast Cave Interaction 
The proximity of the North Rim Skarn to the Northeast Block Cave, with a separation distance of some 60m, 
is of concern especially given the presence of the Verona Fault between the two (Figure 6). At present the 
top of the incline cave corresponds to the extraction level of the Northeast Cave with there being the 
potential for the extraction level of the Northeast Cave be moved to an even lower elevation. Infrastructure 
development for the Northeast Cave is currently planned to be excavated in the pillar between the Northeast 
Cave and the North Rim Skarn. It is likely that the induced stresses in the pillar may adversely affect the 
stability of the drives, and as such the interaction of the extraction of both of the caves will be critical. The 
draw control of the North Rim Skarn will need to be managed carefully, as overdrawing may lead to the two 
caves becoming linked leading to sterilisation of part of the North East Cave. Identifying appropriate 
separation distances, ground support requirements etc is important to the success of these two mining areas. 
To date, limited numerical modeling has been done to quantify what the implications of these conditions are 
likely to be. Current work is focused on correctly quantifying the rock mass properties and caving 
parameters and use of models to simulate caving and induced stresses to define appropriate design criteria. 
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Figure 6 North Rim Skarn to Northeast Cave Proximity 

4 Mine Design 

4.1 General Level Layout 
The mine design layout for an inclined block cave, undertaken by MacIntosh Engineering in 2003, has many 
similarities to that of a Sublevel Cave. For the North Rim Skarn, in the areas having a 45o dip, the drawpoint 
spacing is 15m as is the inter-level spacing. In the steeper areas where the orebody dips at 60o, the drawpoint 
spacing remains at 15m however the inter-level spacing is increased to 23m to ensure adequate separation 
between the draw column of the drawpoint below and the drawpoint above. Where the orebody flattens out, 
near the top and bottom of the orebody, offset herringbone drawpoints are planned with 15m drawpoint 
spacings and 30m tunnel spacings. For the most part however the drawpoints comprise a single 
perpendicular access into the footwall of the orebody. Drawpoints from one level to the next are directly 
above/below each other in a stacked layout.  

Each level will have a footwall perimeter drive from which the extraction drives will be constructed. This 
drive will also provide connections to the orehandling and ventilation systems. In all there are 32 sublevels 
comprising 729 single drawpoints and 114 offset herringbone drawbells, 985 drawpoints in all. Access to 
each level will be provided via a series of declines. 

Figure 7 and 9 show the North Rim Skarn orebody and current mine design.  
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Figure 7 North Rim Skarn Mine Design 

4.2 Undercutting 
The undercut for the incline cave is created by the connection of drawbells from one level to the next thereby 
requiring post undercutting. In thicker horizontal areas, where offset herringbone drawpoints exist, a flat 
undercut geometry will be used. An advanced undercutting strategy will be used in locations where offset 
herringbone layouts exist. As shown in Figure 8, the undercut front is currently planned to have a chevron 
profile and progress from the top of the orebody down dip, developing as a simultaneous panel fronts 
moving NE and SW respectively away from a central starting point. Figure 9 shows a typical cross section. 
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Figure 8 North Rim Skarn Undercutting Face Shape and Direction  
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Figure 9 Typical Cross Sectional through North Rim Skarn Production Levels  
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4.3 Production 
Draw control will be an exceedingly important component in the success of the incline cave. As previously 
presented, with an orebody comprising the most competent rock type in the area, this being the Garnetite 
Skarn (GS), as well as the least competent rock in the area, this being the Unconsolidated Massive Sulphide 
(UMS) together with a quartzite host rock which is less competent than much of the orebody the potential for 
early migration of waste material into the orestream and subsequent high dilution becomes quite probable.  

Presently the maximum production rate in this area is planned at 15,500tpd. It is anticipated that this will 
require four levels to be operating at any given time and that even draw across the strike of the orebody will 
be necessary to ensure dilution effects are not exacerbated. 

Significant modeling work is underway to better understand the numerous effects of the combination of rock 
types and conditions which will prevail in the North Rim Skarn mining area. Results of this work will 
ultimately determine the most appropriate mining method for this orebody. 

4.4 Orehandling System 
The orehandling system for the North Rim Skarn comprises a series of orepasses terminating at a transfer 
level. Each pass will have a grizzly and mobile rockbreakers will be used to deal oversize. A number of large 
LHDs will transfer ore from the orepasses to a Gyratory Crusher. From here the ore will be conveyed to the 
Canyon Shaft and hoisted to surface. Given the vertical extent of the orebody, two orepass/Crusher systems 
are required. Figure 7 identifies the two Transfer Levels and the associated conveys. 
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Abstract 

The mining systems used to extract the ore at the El Teniente mine have evolved over the years. The 
conventional panel caving is nowadays the primary mining system in use; this provides a run of mine of 
around 140.000 tpd, from different underground sectors. This rate represents a production of 450.000 tones 
of fine copper per year from the industrial facility that composes the underground mine, concentrator and 
smelter. 

Each of the production sectors’s, being in effect large scale mines in their own right; require a continuous 
process of tunnel development and construction, scheduled in the appropriate moment, for the different 
areas to be commissioned for production.  

The construction includes the development of tunnels in order to achieve about 24.000 of underground 
meters per year, infrastructure and mining civil work: with a budget of US$ 150 millions, this demands a 
great deal of planning, scheduling, coordinating and execution. These activities are undertaken by mining 
contractor companies that employ approximately 1.700 workers. 

For El Teniente Division of Codelco Chile mine preparation is a very important activity in order to continue 
as a competitive company. It was necessary to define a plan to allow performing the construction on 
schedule, with an emphasis on cost reduction. This paper describes a successful experience of management, 
concerning the strategic planning, the methodology to select better contractor companies, organization, 
productivity and safety.  

1 Introduction  

The mine is owned by Codelco Chile and during its 103 years of exploitation, 1.350 millions of ore have 
been mined out and the current production is 140.000 tonnes/day. Production has been obtained by block-
caving method through grizzly men (secondary ore) and to extract the primary ore a mechanized panel 
caving method was started in 1982, with LHD equipment, and gradually new sectors have been incorporated 
and the latest were during 2004.  

The end of the productive zones made by secondary ore and the increase of the mine preparation 
requirements in primary zones, with different behaviour of the secondary rock mass, means a major 
complexity in the constructive sequence, has forced the adoption of a new vision which will let carry out this 
activity regarded as a strategic goal to ensure the fulfilment of production programs.  

To achieve and maintain this level of production, it is necessary to carry out a demanding programme of 
development and construction of nearly 24.000 metres of galleries of different sections, the design and 
implementation of such necessities as draw points, dumping points, ore passes and loading systems for trains 
and trucks with an average annual expenditure of as kU$150.000.  
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As tunnelling construction is mainly executed by contractors, the changes are focused in the area of 
management, electing the best company and strong actions that increase quality and productivity with a cost 
decrease, and safe procedures for workers. 

2 Mining Design- Panel Caving Method 

2.1 Design  

In general terms, the mining design and the layout for the exploitation of the primary ore -applying a panel 
caving method- includes several aspects regarding rock mass strength in order to reduce the possibility of 
stability problems, emphasizing in the orientation of galleries regarding the existing stresses and structures.  

Undercutting Level: 18 m. above of the production level the drifts are separated by 15 m and with accesses 
to every 200 m approximately. The typical drift section is 3.6 x 3.6 m which defines pillars with an effective 
width 11.4 m. From this level it’s carried out the process of drilling and blasting to produce the undercutting. 

Production Level: The layout consists of parallel haulage drifts (sections 4.0 x 4.0 m or 4.5 x 4.5 m) 
separated by 30 m, intersected by a set of galleries (draw bells) separated on 17 m or 20 m. and at a 60° 
angle. Ore passes are located in the haulage drifts every 80-100 m. The dumping points have 40" grizzlies 
with remote controlled semi-stationary rock breakers to control fragmentation size.  

Draw bells: The undercutting method uses the draw bell entirely excavated from the level of production with 
blasting. 

Haulage Level: It consists of galleries of 4.8 x 4.8 m (trains) or 6.0 x 6.0 m (trucks), which able to load 
trains with 50 tonnes capacity ore cars and trucks of 80 tonnes of capacity.  

Handling of materials: The ore extraction system at the production level operates using 7 yd3 diesels LHD. 
The LHD dumps ore down in short ore passes (30 m and 3 m diameter) located each 80-100 m., that unload 
at the haulage level into rail wagons or trucks.  

Level of Ventilation: The layout and crosscut of ventilation has a typical section of 4.0 x 4.0 m and 5.0 x 5.0 
m with Adits of 7.0 x 7.0 m and ventilation raises 1.5 m in diameter. 

For the development of drifts, and crosscuts it is considered a support that mainly consists of fully grouted 
rebar, chain-link mesh and shotcrete which is later complemented with fully grouted cables and steel sets 
(drawpoints). Also, the area in which draw point drifts intersect production drifts is reinforced with confining 
cables (zunchos) and straps (wall pillars). 

2.2 Sectors in Operation  

The current and future operations of the mine are formed by a group of different sectors that -through the 
exploitation by panel caving methods, mechanized operations with LHD's, and transportation by rail, - feed 
the concentrator plant. 

From 2003, the production has increased from 97,000 tpd to 140,000 tpd at present. This includes the 
consolidation phase plan of investments carried out during the last years. The production compromised by 
these sectors is (Figure 1):  

Teniente South Four: The reserves reach 47 Mt and its medium average production is 29 tpd. Its projected 
period term is due on the year 2012.  

Esmeralda: Currently, it is on growing stage to reach a production level of 45 tpd by the year 2012. 
Expected reservations are 310 Mt and its end is expected by the year 2026.  
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Reserves North: It is on growing stage to reach a level of production of 41 tpd scheduled for the year 2009. 
It is scheduled its end for the year 2019 and the reserves are considered to be good to 171 Mt.  

Diablo Regimiento: It is now a growing stage in order to reach its production system 28 tpd in the year 2011 
with a planned deadline for the year 2023. Expected reserves reach 129 Mt.  

Pipa Norte: It is on stage to reach their optimum rate production 10 tpd, 2012 expect its end. The expected 
reserves reach 15.8 Mt.  

 

Figure 1 Sectors in Operation 

2.3 Overall Requirements Preparation Mine  

The volume of the preparation of mine is defined by the mining plans and their determination is done by 
computerized systems that simulate the production process, being the most important variables those that 
determine the order, area by replacing depleted, increasing in production and the needs of maintenance and 
repair of infrastructure. (Figure 2) 

 

Figure 2 Process of Planning 
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3 Mines Preparation General Background  

Preparation of mines can be understood and defined as the set of activities of tunnels development and 
construction of mining, mechanic, electric, instrumentation, engineering and assembly infrastructure – of 
different levels or sectors- that will be used to incorporate an area which allows the continuity of the 
exploitation. This activity is developed in a continuous and sequential way during the whole mining 
operation life cycle and its stopping, delays or interferences produce impacts on the fulfilment of the 
productive goals. The most prominent works are the following: 

• Developing of galleries on different levels: undercut, production, ventilation and haulage. 

• Construction of ore passes from the production level up to the haulage level. 

• Construction of civil engineering works, such as draw points, dumping points, loading ore chutes, plate 
feeders, railways, and others. 

• Construction of service infrastructure such as maintenance workshops, electric infrastructure, offices.  

• Assembly and start-up of the electrical, electronic and mechanical system required for the sectors are 
performed: Automatic control system implementation for semi-automatic LHD, remote controls for 
rock breakers, chutes and plate feeders and auxiliary ventilation. 

• Undercutting drilling and blasting and draw bells for the incorporation of area to the production.  

During the last five years, the mining preparation annual average expense was kUS$ 115.000, which 
represents 45% of the total Mine Operation expenses.  

4 Analysis of the preparation of Mines in El Teniente  

4.1 General 

During the current period, the mining preparation faced different challenges due to the capacity of the 
underground mine being expanded to keep and to increase the volume of fine copper.  

During the years 2000-2004, the preparation of mines was characterized by a deficit and systematic delays 
regarding to the developing, construction and incorporation of area to the production, achieving an average 
result of 70% of fulfilment rate regarding the already established programs.  

The consequences of this non-compliance are the losses of flexibility and the decreasing of looseness of the 
production plan that can seriously affect the results of the business with regard to whatever unforeseen 
circumstances.  

Therefore, it is important the actions should be guided to improve the degree of compliance with the 
agreements acquired in the planning of the preparation of mines. To do that, it is necessary to give a best 
support to the mining plans and to avoid the eventual impacts in the mine business. 

In figures 3-4-5 shown some indicators about fulfilment, unitary cost, volume of principal works and 
expenses.  
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Fulfilment of Preparation versus Unitary Cost (US$/Ton)
Period from 2000  - 2004
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Figure 3 Fulfilment of Preparation versus Unitary Cost 2000 - 2004 
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Figure 4 Volume of Principal Works 2000- 2004 

EVOLUTION OF MINING PREPARATION
Period from 2000 - 2004
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Figure 5 Expenses and Unitary Cost 2000 - 2004 
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4.2 Diagnosis  

The Mine Management has as a main objective to fulfil the goals of production established. Therefore, the 
preparation of mines becomes a secondary objective if we compare it with the production of mineral 

In this analysis, as requirements of mine preparation increase and executed by contractor companies, it didn’t 
have the study of functional design. That is to say, the arrangement of infrastructure related to accesses to the 
working fronts, dumping points, appropriated requirements of ventilation, drainage, water, and electric 
energy and available areas for warehouses, materials, offices and minor equipment maintenance. 

In addition to the above expressed, was not possible to have a complete study about the complexity of each 
productive sector. 

In short, the most important basic causes are the following 

• Major complexity in the constructive sequence to face the “primary rock” and that is related to the 
higher degree of support on and less work in simultaneous fronts, which means longer cycles of 
development.  

• The increasing of production generated a higher requirement of preparation of mines and therefore the 
amount of contracts, because of that one was not counting with the logistics to be aware of this 
increase of personnel, supply and infrastructure requirements. Besides, the quantity of interferences 
that generates a decreasing in the effective times of work.  

• Preparation of mines depending from Mine Manager, but because of the magnitude of the levels of 
production and preparation of mines, interest conflicts were permanently presented between the 
functions of extraction of the mineral and preparation of mines, since the force that governs the mine is 
the production and the decisions made almost all the time go on that way, with the objective to fulfil 
with production programme (short term decisions). 

• Lack of understanding on the preparation of mines is a constant process that ends with the useful life 
of a sector and is not of annual goals. 

• Lack of coordination between the date in which preparation of mines requirements are determined and 
with the time or cycle that a process of bidding lasts.  

• Weaknesses in the planning, programming and plans of execution and construction. 

• Low effective working times, because not having available the logistic of infrastructure in order the 
contractors companies operate.  

5 Action Plan 

5.1 Strategic Plan 

Codelco Chile, and El Teniente Division, has a business model with processes and tools of planning and 
management control that complement it. The organization is based on business units defined on the base of 
the value chain, subject to the fulfilment of goals related with management of assets, safety, health, and 
environment. The performance is oriented, measured and controlled through an integrated system of 
planning, budget and management control. 

Taking into account the before mentioned and given the big volumes of works to be constructed and the 
associated budgets, El Teniente on its strategic planning, defined and positioned the mines preparation as one 
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of its prior objectives, in the mining business and on its planning horizon (25 years), as one of the critical 
factors of permanent success. (Figure 6 and Figure 7) 

The long term plan was defined on the basis of three key elements: vision of El Teniente, strategic lines, 
business and development plan, remaining is the path that represents the desired evolution of the company in 
different periods. In this plan it is relevant to establish the organizational design, decided on the basis of the 
importance of this strategic aim in such a way that it constitutes commitments or key mandates, establish the 
real contributions to the business, the tasks and defining those critical aspects that impede the achievement of 
the aim. The key to this approach is that the person in charge has attributes and autonomy for making 
decisions.  

In addition, it is important to identify the chains of contribution on the aims, since it is possible to identify 
roles, contributions, responsibilities and attributes of management to assure or fulfil the goals, being reliable 
for the owner and client, and to lead the organization towards the goals (leadership). Besides this, it is 
important to define a process of measuring progress with regard to strategic objectives and an adequate 
management process and also to establish performance measurements through agreements and also 
measurements of management performance that are aligned to the managerial plan. 
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Figure 6 Critical Factors 
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Figure 7 Strategic Maps - Objectives 

5.2 Implementation 

According to the prominence and importance of the preparation of mines, defined in the strategic plan, the 
following actions were defined: 

• Preparation of mines without depending on the management of mines. (Figures 8 and 9) 

• To create an organization that reflects its importance and position and with a structure and competence 
to be coherent with the importance of both its function and degree of complexity of this activity. 

• Because of the complexity of each productive sector of the mine it was considered important to regard 
each productive sector as an independent unit. Therefore the preparation of mines would apply 
accordingly with only one contractor per unit to avoid confusion. 

• To improve the control management it was decided to manage every sector with a specific structure 
and characteristic of the project. 

• To have long term contracts, at least 3 years, through national public bidding processes. 

• Model’s definition owner, client and construction management with emphasis on teamwork.(Fig. 10) 

• Reinforcement on engineering and quality areas. 

• Application of management techniques of projects for its planning, execution, monitoring and control. 

• Monitoring and systematic control management via directive committee and technical revisions 
through external audits.  
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Figure 8 El Teniente Organization 

 
Figure 9 Management of Project, Mine Preparation 

 
Figure 10 Business Model  
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5.3 Strategies for Implementation and Recruitment for Contractors Companies 

The preparation of mines contemplates its performance with contracting companies in 85%, leaving the 
business of drilling and blasting of undercut and draw bells, to be run by its own staff of El Teniente. 
Therefore, it is concluded that the success is based on the management of the construction contractors.  

In this context, the execution is made with local contractor companies or Associations (Chilean companies 
with foreign ones) who are in the domestic market and has a highly efficient and competitive; the service 
procurement is carried out through national public bids and ensuring the assignment to companies of vast 
experience on underground mining, considering as very important aspects such as: background legal and 
economic and safety indicators, quality and experienced senior staff, machinery and equipment offered 
organization, planning its work and methodology quality assurance plan, program safety, occupational health 
and environmental plan and management and human resources plan. To control the execution of these works 
by the contractor, hires a Technical Inspection Service to ensure the proper execution of the contract. 

5.4 Safety  

A relevant issue for the success of the work is related to the safety for the people. In this context Codelco-
Chile has a Corporate Environmental Management, Occupational Safety and Health Policy which undertakes 
corporate governance that protects the physical integrity, health and quality of life of all persons working in 
its facilities and can be affected by its operations. In this context, Codelco has all its division accredited ISO 
9001-14001 and OSHAS 18001.  

To do so, Codelco requires all its contractors the implementation, operation and continuous improvement of 
a System for Safety and Health at Work and to keep a management excellence in the prevention of 
occupational hazards. This requires a strong commitment and responsibility in the fulfillment with the rules 
and procedures that rule it, so that any goal production, compliance deadline, budget or emergency 
operational justification for a worker is exposed to a not controlled risk of accident or illness.  

In this regard, El Teniente Division has implemented a plan called "Live Safety" which is based on four axes, 
detailed below:  

• Leadership and Commitment: it relates to an active participation in ground inspections, checking the 
compliance with programs and goals, motivating, solving problems and giving feedback.  

• Improving Behaviors: promoting the self-care is a fundamental factor for the existence of a preventive 
culture and for the non-occurrence of incidents. 

• Discipline at work: the non-compliance with programs, procedures and standards are one of the causes of 
various incidents. Therefore, it is important to recognize and appreciate the proper performance of 
programs and standards. In this sense, it is considered that any failure to comply with established 
standards is a lack of commitment with a well done job. 

• Quality of Report Incident: in several cases a poor investigation involves waste of time and the existence 
of erroneous decisions and the consequences is that the problem persists or worsens and an opportunity 
for improvement is lost. To improve the quality, it will be re-trained the entire line of supervision.  

5.5 Quality  

The quality requirements of both the constructive processes and the products that are made from the works of 
the preparation of mining companies are generated under a system of quality management based on ISO 
9001-2000 which enables to carry out the control, assurance and management for the improvement of the 
quality of services mandated. The model for Quality Management System has been designed to define key 
processes for the preparation mining, focusing on these points the process control, which is subject to 
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continuing improvement that has allowed substantive progress in the quality of the works. The verification of 
compliance with the established quality standards is done through regular audits, carried out by experts in 
each of the critical control points, thereby achieving as a final product, customer satisfaction internally, and 
also adds value the core business of the Division.  

6 Results  

The adopted line of action was to implement a process that was able to add value to the business and also 
was able to ensure the quality of works and particularly in the fulfillment of important geotechnical 
standards, and to establish longer term contracts (3 years) to allow investments opportunity to the companies. 

To add value means to improve the conditions of the mine design in order to improve productivity and also 
increase working time and therefore, have a more competitive market. To do this, in the bidding and 
procurement processes of works it was necessary to establish a declaration of function and complexity to 
obtain better offers from the companies and to avoid having different contractors or our own personnel in the 
same place. The combined results can be detailed as follows: 

• Each sector has plans for the construction and execution of works through a multidisciplinary team of 
professionals.  

• 15% reduction of cost and completion over 95% of mine preparation (Figures11, 12, 13) 

• Improvements in the productive time of 20% and with the ability of identifying deadlines and acting to 
meet them. 

• Higher standards of competition among the companies participating in biddings. 

• Contracts for 3 years with 4 companies contractors for a total of MUS$ 215,000, which has meant 
important improvements in the following aspects: quality of service, performance in safety, 
environment and occupational health, salaries, specialization, and training and the certification of 
competence of the workers. (Table 1) 

• Getting excellent results of lost time injury rates (equal to 2 per one million of hours worked), and also 
to achieve two times one million hours without lost time injury. 

• International technical auditory which recognizes the excellence in the preparation of mines. 

• The study of unitary prices and the establishment of a base of these, which has permitted the increase 
in trust in the budgets. 

Fulfilment of Preparation versus Unitary Cost (US$/Ton)
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Figure 11 Fulfilment of Preparation v/s Unitary Cost 
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VOLUME OF PRINCIPAL WORKS
Period from 2005 - 2008
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Figure 12 Volume of Principal Works 2005 - 2008 

EVOLUTION OF MINING PREPARATION
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Figure 13 Expenses and Unitary Cost 2005 - 2008 

Table 1 Workers and Fleet Equipments in Contracts 

 Support Engineering Service 14  Diesel scoop 7 yd3 14
 Planning and Control Service 12  Dump trucks 6
 Technical Inspection Service 80  Advance jumbos 12
 Contractor Nº 1 437  Bolting jumbos 8
 Contractor Nº 2 382  Concrete mixers 8
 Contractor Nº 3 521  Blind hole 6
 Contractor Nº 4 323  Explosive loading trucks 8
 Contractor Nº 5 72  Short fork lift truck 10

 Roboshotcrete 6
 Utility vehicles 6

 Total 1841

Workers by Contract Equipment
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7 Challenges 

In order to continue improving the productivity and with the objective to diminish costs, the following 
researches are going to be carried out: 

• To establish strategic alliances with contractor companies, through long-term contracts with al least 5 
years term which will allow to the company to make investment on equipment's and improve the skills 
of workers. 

• To improve the quality of planning and support engineering for the preparation of mines to establish 
successful (at least five years) long term contracts. 

• To check the mining designs related with the tunneling support and ore passes and civil engineering 
building sites such as; draw points, dumping points in order to introduce new technologies and 
methods of construction in terms of increasing the safety and productivity. 

• Leverage with innovations to improve the mining planning and its designs, likes: Pre condition of the 
rock mass, through a process of dynamic explosives weakening, utilization of pre-fabricated concrete 
in civil engineering designs and test of small sized tunnel boring machine to develop tunnels. 

• To share experiences and acquired lessons with other mines in the world, as an opportunity of 
continuous improving in order to get the excellence. 

8 Conclusions 

The present document is a successful experience of management which is related with an organizational 
change that means to give the responsibility to administrate the jobs focusing on a project to a highly 
competitive team, a process of quality selection and quantity of contractor companies, incorporating such 
concept of constructing that permits to ensure the execution of what was planned together with several 
management and logistic processes in order to achieve and keep this level of 140.000 tones of production. 

The following are the main conclusions: 

The execution of the infrastructure of mining developments and constructions considered as investment 
project , through and expert team, solves the historical problem of low fulfillment in the physical advance 
and with a higher expenditure were the variables: Reach, Term, Cost and taking care of the Quality are 
identified, and in this way to manage them properly. To achieve a fulfillment of a higher physical advance 
over 95%. 

To relief the process of mine preparation as a strategic main objective, having as a goal in its first stage, the 
fulfillment of work programs and as a consequence in order to ensure the future production plan. 

A fundamental change where an independent entity of the operation administrates manages and executes the 
works, using all the management tools of an investment project which permit to leave the Mining 
Management free to be dedicated completely to the productive business. 

This model has allowed substantive progress in having construction companies highly efficient and 
competitive. 
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Abstract 
Early in 2005, Henderson began initiation of the cave for its newest 7210 Production Level. Conditions were 
significantly different from previous cave initiations on the 8100 and 7700 production levels. Smaller 
hydraulic radius, higher production demands, Just-In-Time (JIT) development and changes in mine plans all 
contributed to the unique properties which drove the caving development witnessed. This paper will 
chronicle the history of the observed cave maturation to the present, the methods of monitoring and the 
management issues associated with the cave development which has led to new conclusions of cave 
management, ground control, and understanding of dilution.  

1 Introduction 
Henderson prepared for the cave initiation of its current 7210 production level many months in advance of 
actual undercutting to ensure that proper steps were taken to monitor cave development. Experience from 
two previous cave initiations drove the basics of monitoring, detailed studies for cavability, ventilation 
bulkheads, stress effects, etc. which were scheduled and completed well in advance of cave initiation. The 
cave was started under an exhausted portion of the 7700 production level with cave advance planned to move 
towards and into the “high lift” (previously undeveloped and uncaved) portion of the Henderson ore body.  

From initial undercutting to present, monitoring of cave progression has been recorded with weekly 
inspections and readings initially, transitioning to monthly readings once the cave was considered fully 
developed. In addition, annual aerial photographic surveys have been conducted to monitor surface 
subsidence changes. 

This paper will describe the sequences of monitoring installation, undercut advance and observed cave 
progression and attempt to draw conclusions and/or recommendations based on the issues and successes 
Henderson experienced. 

2 Concepts of Development 
The commissioning of the Henderson 2000 project in October, 1999 brought forth an ore handling system 
able to deliver the remaining known reserves below the original 7500 rail haulage level. Plans had been 
developed for the new production level to begin production as early as 2004 however the severe collapse of 
molybdenum prices in early 2000 forced a delay in the development as well as a significant cutbacks in 
production. Henderson, while remaining a post-undercutting operation, shifted to a Just-In-Time (JIT) 
development philosophy whereby full development of drawpoints ready for undercutting was held at one bell 
beyond the caved front. Previous Henderson development history would have a four to five bell development 
lead.   

Studies were conducted examining the remaining reserves on the 7700 level testing the economics and 
timing against the 7210 development to defer costs. In 2003, funds were appropriated to begin the 
development of the new 7210 production level with only 2.5 years of reserves remaining in the 7700 panel. 
As a result of the economic studies, the northeastern portion of 7700 originally planned to be part of the 
lower level production was added to the 7700 mine plan providing an extra year’s time before 7210 had to 
support all production needs. Production assumptions were based on low market demand and prices, and all 
long range plans and layouts were based on these conditions. In order to minimize costs associated with 
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bringing a new level into production, several new studies and concepts were initiated to examine the best and 
most cost effective alternative.  

Henderson history showed that the previous two cave initiations occurred at a hydraulic radius of about 35 
meters, and all plans were based on a slightly smaller caving radius of 30.5 meters for 7210 due to the higher 
grade in the initiation area. History shows that higher grade at Henderson caves significantly faster (Rech et 
al, 2000). Given the timeframe for exhaustion of 7700 panel, hydraulic radius assumptions, infrastructure 
advance, and grade predictions, the decision was made to begin the cave closer to the middle of the main 
panel on 7210. This decision allowed higher grade material to be brought into production sooner and was 
closer to the infrastructure which had been developed prior to the 2000 development shutdown. FLAC 3D 
studies conducted by the Itasca Consulting Group indicated good cavability with a minimum of development 
and confirmed the hydraulic radius assumptions. Production simulations based on low draw rates worked 
well with the cave development timing from FLAC modelling, allowing development schedules to be 
finalized. 

3 Installation of TDR (Time-Domain-Reflectometry) Cables 
Henderson previously had great success with remote monitoring of the 7700 level cave initiation utilizing 
TDR cables. The ease of access over the 7210 cave profile and the relatively inexpensive cost of installation 
and materials made this the first choice of remote monitoring.  The plan included 13 vertical holes, drilled 
from the 7700 production level, and 9 angled holes (both up and down angles) drilled from the 7500 haulage 
level, which were determined to give the most useful information with minimal cost. The angled holes would 
enable tracking the cave effects as Henderson transitioned from under an existing cave into the undeveloped, 
virgin mountain. Figure 1 shows the positioning of the TDR locations over the 7210 level as well as a cross 
section through one set of angled holes monitoring the “high lift” boundary.  

   

Figure 1 Plan and Cross Section of TDR Cable Locations 

All vertical holes consisted of a 114 mm diameter hole, drilled with an ITH drill, to a distance of 
approximately 10 meters above the undercut level. TDR cables were installed down-hole, anchored above 
the collar, and cement grouted in-place. The angled holes were core drilled NQ size (76 mm) and used PVC 
pipe both as an insertion tool and as a grout tube. Before grouting, the collar of each hole was sealed using 
flanges fitted with Swagelok connectors that convey the TDR cable and a breather tube through the collar. 
The hole was then pressure grouted, and was designed to withstand approximately 6.2 MPa of grout 
pressure. The pressure seals were designed and developed by Henderson with the assistance of Lee Atkinson 
of HCI-Itasca for ease of installation and grouting.  

All TDR cables were extended from the holes outside the anticipated cave boundary. The 7700 vertical 
cables were extended from their collars along the drift floors to central locations outside the anticipated cave 
boundary, both north and south (based on assumed cave breach direction with time), to maximize the ability 
to read the cables in retreat after reaching their collars.  
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Similar to the 7700 level initiation, by starting the new cave under a previously caved area, additional 
physical inspections of the cave could be monitored from the 7500 haulage level as the cave breached the old 
loading drifts, as well as the 7635/7655 ventilations levels and the 7700 production level. All direct cave 
observations were laser distance surveyed for establishment of coordinates of caved material in the breached 
drifts.  

4 Changes to the Development Plan 
The 7210 production level was designed and scheduled to support a moderate production rate, based on low 
demand, as was forecast in Life-of-Mine models at low molybdenum prices. Development schedules and 
manpower were predicated on planned exhaustion of the 7700 production level with sequenced overlap of 
production as the 7210 level progressed.  Full sustained production from 7210 was not anticipated until July, 
2006. 

Due to the substantial increases in metal prices in 2004, increased production was requested from Henderson. 
With limited production drifts remaining on 7700 and an undeveloped cave on 7210, plans changed 
significantly in order to accommodate the new production requirements. The original development plan was 
to have all the production drifts and drawpoints complete across the panel prior to initiating the undercut 
with enough depth to reach the designed hydraulic radius. With increased production, 7700 would exhaust 
sooner, forcing development of the 7210 cave to accelerate. An approach which had been used on 7700 
under the Just-In-Time philosophy known at Henderson as “strip caving” was quickly employed. 
Henderson’s strip caving involved development of one production drift at a time. In other words, all 
necessary mining, support, and concrete work is completed and the post-undercutting progresses while the 
parallel drift is then in development. Figure 2 depicts the sequencing of a “strip cave”.  

 

Figure 2 Basic “strip caving” development sequence 

The advantage to “strip caving” is caving activity can be implemented sooner and production can begin 
without combining production and development in the same drift. The largest drawback to this method is the 
congestion in the development area with all activities taking place in essentially a single heading. Another 
drawback is the amount of time the drift in development is subjected to abutment stresses and damage prior 
to caving. Henderson experience with this method on 7700 however did demonstrate that if additional repair 
work was scheduled, the concept worked successfully. In addition, higher metal prices allowed Henderson to 
lower its cutoff grade on 7700 level which helped extend its production life as well as providing additional 
mill feed. Several production drifts which had been exhausted under higher cutoff grade parameters were 
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reactivated which assisted in maintaining production requirements while delaying the need for 7210 level to 
meet all targets solely. 

5 Cave Initiation Observations 
Undercutting of the 7210 cave began in earnest in early 2005 with the northernmost bell line. Undercutting 
advance was 91 meters. Sequential strips were undercut in approximately 3 month intervals, with each 
successive strip being shortened by one bell, creating a step front. The step front was dictated by the only 
access to the level at the time, PXC1 crosscut, which had been driven along a set of drawpoints to gain 
access to the far edge of the panel (Figure 3). Undercutting was held 2 bells short of this access to prevent 
potential damage from abutment stresses as well as to delay additional mining. Active draw of the cave 
began after 2 bell lines had been undercut and was held at 91 mtpd (approx. 152 mm per day) on the interior 
drawpoints and 45 mtpd (76 mm per day) on the perimeter.  

The first cable break (27.9 meters) was observed in June, 2005 on cable 72-02 located approximately in the 
middle of the first drawbell strip (figure 3). As can be seen in figure 3, the area undercut at the time was 
relatively small compared to what was believed to be the required hydraulic radius for caving to begin. 
Calculations of this area show a hydraulic radius of 22 meters, approximately 30% smaller than previous 
Henderson history. As slow draw and undercutting continued, other cables began breaking along the 
northern edge of the undercut boundary.  

A phenomenon, which had been observed on the 7700 level helped to describe the breakage events. Past 
experience had shown that intrusive contacts at Henderson are weak zones and fail quickly. Figure 3 shows 
the relationship between the observed breaks and mapped geologic contacts. This relationship is probably 
one of the main reasons for the smaller hydraulic radius observed whereas on the previous two cave 
initiations, no intrusive contacts were near the initiation area. With evidence of cave growth, draw was 
increased in the northwest corner of the cave to 135 mtpd (230 mm per day). Calculations from interpreted 
caved boundaries were performed weekly to ensure that ore was not being over-extracted creating a major air 
gap, a lesson reinforced by the Northparkes Mine incident in November, 1999. 

 

Figure 3 Cave dimensions at first recorded cable break (shaded polygons are active drawpoints) 

September and October 2005 saw numerous breaks throughout the undercut area indicating significant cave 
growth and the first direct observation of caving through the 7500 rail haulage drifts. In October, 2005 all 
interior drawpoints had draw rates increased to 135 mtpd, partly to keep growth active but also to increase 
production output. Metal prices were skyrocketing and molybdenum demand growing. The call for 
additional production was answered by not only increasing production from the 7210 level but by 
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significantly lowering the cutoff grade on 7700 to extend its life. 7210 monitoring was critical to ensure that 
production was met while maturing a new cave without compromising safety. 

November and December 2005 had slightly lower production rates per drawpoint from 7210 due to the 
increased number of drawpoints online and a plan to reduce molybdenum inventory for year end. The level 
was producing 5200 mtpd, approximately 25% of the daily output of the mine. The first breach into the 7700 
production level occurred in the last week of December, 2005 and registered on cable 72-02, the first cable to 
register initial cave growth, and the columns in this area were drawn to approximately 20% of their total 
tonnage. Gross production tonnage pulled from 7210 at this time was 497,000 tonnes. 

The first three weeks of January, 2006 had no recorded movement of the cave even though ore extraction 
continued. TDR readings of Jan. 23rd recorded multiple breaks on several cables all indicating breaching of 
the 7700 level and rapid expansion of the breach boundaries progressed over the next 2 weeks (Figure 4) 
defining near vertical caving along the boundaries. Production records dating from the last week in 
December to the 23rd of January showed an additional 83,500 tonnes of ore had been extracted from under 
the breach zone, equating to roughly 9 meters of pull down with no additional caving activity. No evidence 
of an air blast or collapse was reported by mine employees. Draw rates at the time were 135 to 180 mtpd per 
drawpoint. 

Of particular note, indications showed the cave boundaries were almost completely vertical from 7210 to 
7700. As undercutting continued to the south, very little additional breakage of the cave followed. It is 
assumed the stresses from the original caving activity were relieved, or significantly reduced, once the 
breach of the 7700 level had occurred. A certain amount of arching was observed to be occurring to the 
south, and the cave shape was a rectangular 122x61 meters.  

 

Figure 4 7700 level breach timeline (grid is approximately 152 x 152 meters) 

In early August, 2006 migration of the cave beyond undercutting on the north and west sides was observed 
occurring along intrusive contacts. Based on cave shape, it is believed that the cave was attempting to 
“grow” to a circular shape from its rectangular shape and was utilizing a zone of weakness above 7500 level 
in order to reach stability. Figure 5 depicts these observations in early September, 2006. 
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Figure 5 Observed Circular Cave Growth, September, 2006 

In mid-July 2006, an employee on a private plane flew over the mine site and observed a new surface 
expression in the glory hole (Figure 6). This new surface glory hole was of particular interest in its 
expression as a vertical chimney within the historic subsidence zone. The tonnage pulled from the 7210 cave 
at this point in time was 2.85 million tonnes. 

An explanation for this new glory hole within past subsidence could be that the original subsidence from the 
8100 cave followed by the 7700 cave had been inactive since 1999 or earlier, and over time the caved 
material had re-compacted to the point where it acted as a new mass of rock. Reactivation from the new 7210 
cave, once it had breached 7700 level, resulted in this material acting as a new cave with almost vertical 
boundaries similar to experiences of all three Henderson initiations in intact rock.  

 

Figure 6 First recorded surface expression of 7210 cave, July, 2006 (circular funnel right of 
center) 

6 Dilution Entry 
In September, 2006 grade reporting to the mill began dropping below forecast and became significant in 
October. Questions were raised about dilution infiltration and examination of dilution in drawpoints was 
undertaken. Henderson extraction history shows an average of 40 to 50 percent of the column pulled when 
significant dilution entry is expected. Simulation models take this entry into account, however, the amount of 
dilution appeared significantly greater than anticipated.  
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Henderson had used a method of statistically analysing grade performance in its development of drawpoint 
flow models for reserves in 2002. A statistical review of the active drawpoints on 7210 showed a severe 
under-performance of grade as column extraction approached 40% of column. Until this time, it had been 
masked by a significant over-performance in the bottom third of the column (Figure 7).  

 

Figure 7 Model versus actual drawpoint performance 

During this study it became apparent, looking at the draw control maps, that most of the lower grade 
drawpoints were clustered in the area that initially breached into the exhausted 7700 cave (Figure 4). 
Filtering the performance data between those drawpoints under the initial breach area, and those outside, 
produced a marked divergence of the drawpoint populations and demonstrated a significant under-
performance in those columns under the 7700 breach which could be attributed to massive dilution entry 
(Figure 8).  

 

Figure 8 Grade performance of drawpoints under versus not under initial breach 

Since most of the columns that had been extracted to greater than 50 percent were located under this breach 
zone, the question was raised whether a different dilution entry was occurring compared to the model and if 
it was to be expected for all other drawpoints as they were drawn higher into their columns. This would 
severely impact forecasted production. A more detailed examination of the cave monitoring versus extraction 
was initiated and it was discovered that the 3 week period prior to breach of the 7700 level had seen a stall in 
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the cave growth. Extraction rates under this area indicated the probability that a 9 meter “air gap” had been 
opened just prior to final collapse and breach. 

7 Theory of the Breach 
A reconstruction of the events, extraction rates, timing from TDR cables and visual observations brought 
forth the following theory of how the cave developed. Initially, the cave began failing along a geologic 
intrusive contact, known to be significant weak zones at Henderson. The cave developed faster and at a 
significantly lower hydraulic radius than predicted and grew essentially vertically along its boundaries. As it 
approached the 7700 level, the stresses from the crown pillar became less, slowing the growth while 
production draw continued at a fairly high rate. This produced an “air gap” of approximately 9 meters prior 
to final failure of the 7700 level. The breach was rapid and occurred across a significant area which had 
shown growth allowing a flooding of dilutant material into the gap. A combination of very coarse 
fragmentation of the new ore and the forceful entry from the breach allowed this very fine material to mix 
and sift downward into the columns at a rate faster than modelled and was not identified until 9 months later 
when grade predictions were not being realized. Continued extraction of these drawpoints found that the 
amount of dilutant infiltration was such that grade would never recover significantly, although some increase 
was noted from the remaining ore mixed in. Continuing examination of those drawpoints not under the 
breach has shown that dilution entry is behaving more closely to model predictions. 

8 Approach of the “High Lift” Transition 
As undercutting activity approached the high lift transition zone, several breaks in the angled hole cables 
began occurring well beyond the undercut boundary. These breaks registered in a roughly linear fashion 
indicating potential tension crack development (Figure 9). In April 2006, one break was located almost 
directly below edge of both the 7700 Level cave footprint, while the other break was located below the 8100 
Level cave footprint. This suggested that a strong contrast in stress magnitudes existed at these boundaries. 
By August 2006, breaks were concentrated below the boundary defined by the edge of the 8100 Level cave 
footprint, suggesting that stresses were now primarily concentrated at that boundary. In the meantime, the 
cave continued to show a relatively vertical boundary very close to the undercut edge until the undercutting 
progressed beyond the transition zone. Currently this has become significantly flatter (approx. 52 degrees) 
which is a phenomenon previously witnessed at Henderson when the 7700 cave transitioned out from under 
the 8100 level. 

 

Figure 9 TDR cable breaks on tension cracks 

Convergence and seismic activity did increase near the transition boundary for a limited amount of time, 
which reinforced the interpretation that stresses were concentrated at this boundary. The August 2007 aerial 
photographic survey (Figure 10) shows a major crack on the surface which is approximately 30 meters east 
of the “high lift” boundary but 1396 meters above the 7270 undercut level. 
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Figure 10 Aerial Photograph of Henderson Subsidence Zone August, 2007 

9 Lessons Learned 
The decision of where to start the 7210 cave had been made only two years in advance of initial undercutting 
based on grade and current infrastructure considerations. Henderson experience had shown that higher grade 
portions of the ore body cave easily due to the numerous molybdenite-filled fractures (Rech et al, 2000). 
Early payback of the cost of development was the other factor in placement. Geology and ground conditions 
were minor considerations and when different and weaker rock was encountered, were not given much 
credence with respect to anticipated cave growth characteristics. Economic conditions had forced Henderson 
into a Just-In-Time development philosophy, which did not allow for rapid adjustments to market conditions. 
Development work was behind schedule for historic cave management practices and Henderson was drawn 
into sequencing caving in less than perfect conditions.  This is not to say that safety or sound engineering 
practices were sidestepped, rather that development of the new cave area was done differently than the past 
and certain consequences resulted which might have been avoided if time had been allowed to develop the 
cave in a manner previously used in Henderson history.  

Strip caving of production drifts was employed to maximize the infrastructure in place. This technique 
concentrated loads on the drift adjacent to the undercut boundary. Couple this loading with weaker than 
expected ground conditions and drawpoint damage resulted. Additional support and repair was required, 
compounding the shortfall in development and increasing congestion. To date however Henderson has not 
lost a single drawpoint due to damage prior to exhausting the production draw. 

The development shortfall also forced a cave area in the shape of a rectangle. As the cave grew upwards, it 
tried to reach stability by becoming circular. The geologic contacts on the northern boundary were the 
weakest points exploited by the cave, causing it to lie back away from the undercut boundary. This 
potentially introduced additional dilution into the boundary drawpoints, as well as creating some 
unanticipated damage to infrastructure on the 7500 and 7700 levels. 

Production demands required additional extraction from few drawpoints and as strip caving brought new 
production drifts online, created an imbalance of extraction perpendicular to the direction of cave advance. 
This in itself does not cause problems until later in time when the balancing of production draw assignments 
cannot adequately be done due to maturity of the cave and exhausting of drawpoints. 

The breach, and its subsequent flooding of dilutant material, may not have been avoidable. However more 
detailed observation points over the anticipated breach zone and/or decreased extraction rates as the interface 
level (7700) was approached might have minimized the impact. 
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10 Conclusions 
Henderson successfully brought the 7210 cave into production in 4 years time; 2 years from initial access 
development to undercutting, and 2 years to reach full mine production. This is less than half the time it took 
to bring 7700 on line. The cave was observed throughout its growth via direct observation and TDR cables. 
The production records kept and the continual history of assays allowed Henderson to reconstruct this total 
event and understand what was done correctly, and what Henderson can improve upon for future initiations.  

The major considerations that need to be understood for the future are the geology, ground conditions, proper 
time frame for development and more detailed examination of the chosen initiation area as well as closer 
monitoring of the initial cave growth. Another factor that needs to be understood for panel caving operations 
is that the opportunity cost of maintaining a proper development lead will result in taking advantage of 
sudden increases in market conditions. 

The results from this experience did lend new concepts of ground control designs, cave management, and 
understanding of ground conditions that Henderson is now employing with enthusiasm.  
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Abstract 
The paper reviews the historical development of sublevel caving and presents some ideas concerning its 
future application and development. The "Present" status is not covered since it will be the topic of a number 
of other papers offered at the conference. The sublevel caving technique evolved out of top-slicing in the 
early part of the 20th century. Block caving was a natural outgrowth of sublevel caving. Further development 
of sublevel caving moved very slowly until the early 1950's when the technique blossomed into today's 
version, largely due to improvements in drilling technology. In addition to being of historical interest, the 
development path also has significance for the future development of the sublevel caving system. This will be 
shown. Although the principal application of the method throughout time has been to the extraction of iron 
ore, this may be about to change. Many large open pit mines are rapidly reaching their final economic 
depths and sublevel caving is a natural candidate for underground continuation. For mining companies it is 
natural to consider the largest scale, most modern version of the method. There are both opportunities and 
concerns regarding the application of large-scale sublevel caving. These will be discussed. Some innovative, 
and possibly even implementable, design modifications will be presented. 

1 Introduction 
The sublevel caving technique according to early mining books (for example Peele (1918)) evolved in the 
U.S. from top slicing. It was a logical next step in the mine geometry scale-up process. Block caving, in turn, 
was the logical scale-up from sublevel caving.  

Janelid (1972) indicates 

In the first application of sublevel caving, the ore was not drilled and blasted completely between two 
sublevels, but certain parts were broken by induced caving (hence the name sublevel caving). As the method 
is applied today, the whole quantity of ore between the different sublevels is broken (or at least should be) 
using controlled drilling and blasting. If this is done in a proper and rational way, there are good 
possibilities of developing a mining method which can be applied, technically as well as economically, on 
any orebody of suitable size, location and rock mechanical properties. 

In spite of some searching, the modern origins of today’s version could not be clearly identified. Possibly it 
developed in the iron mines of Sweden. Janelid (1972) indicates 

“For a long time, sublevel caving was the predominant mining method at Grängesberg. During the last ten 
years (since about 1960), however, block caving has given 70% of the production.” 

In 1960, the sublevel caving technique was being used by 19 Swedish mines with a total yearly production of 
about 9.5 Mton (Ohlsson, 1961). Figure 1 is a sketch of the method as practiced at LKAB’s Kiruna mine at 
about that point in time.  
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Figure 1 Composite section view of the sublevel caving mine at Kiruna in 1957  

The scale was small, certainly by today’s standards, with a sublevel spacing of 9m, a drift size of 5m x 3.5m, 
and a sublevel drift spacing of 10m center-to-center.  

As Janelid (1961, 1972) pointed out: 

“Sublevel caving is in many respects simple. It can be used in orebodies with very different properties and it 
is easy to mechanize. However, from other points of view such as recovery, dilution and similar, the method 
is unfavorable. The designs which are used and the measures which can be taken to eliminate the 
disadvantages are poorly understood. In the end of the 1950’s, model tests regarding gravity flow in 
material resembling broken rock were started at the Division of Mining, the Royal Institute of Technology 
(KTH) in Stockholm. The purpose was to study how the geometrical design of various parameters in sublevel 
caving are influenced by the motion which is induced in the material when ore is loaded in a sublevel drift. 
Some of these model tests were performed as a part of senior theses and others by assistants and research 
engineers. Model tests and extensive literature studies on sublevel caving have also been carried out in 
Kiruna together with conducting practical tests underground. The results achieved have been so 
encouraging that continued research work is well justified since the economic benefits which can be 
achieved through the development of the correct method are extraordinarily large.” 

In Czechoslovakia in 1950, Rudolf Kvapil was given the task of determining the causes of problems in bins 
and silos and, based on this new understanding, to develop ways of improving their performance. It was 
evident to him that it would first be necessary to determine the basic gravity flow principles for granular and 
coarse materials since they must be completely different from principles describing the flow of liquids which 
were then available for use. He decided that the only realistic way to proceed was to construct and test a 
large number of models and to make in situ observations. Many of these models and the knowledge gained 
are described in his recent book (Kvapil, 2004). In 1965, Kvapil joined Janelid at KTH and began applying 
the gravity flow principles gained in the study of bins and silos to sublevel caving. Figure 2 shows one of the 
elaborate sand models constructed as part of the studies. With draw, the ore contained within the black 
ellipsoid of extraction disappears through the drawpoint as the ellipsoid of loosening forms.  
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Figure 2 Typical sand model showing the draw ellipse. Kvapil (1965, 1982).     

Figure 3 shows the application of this type of model to a sublevel cave design. In this particular case, the 
sublevel spacing is 12.5m, the drift dimension is 5m x 3.5m, the sublevel drift spacing is 12m and the burden 
is 2m. These closely resemble the sublevel dimensions used by the Kiruna mine in the early 1980’s. Thus 
model-based approach to developing sublevel caving geometries was very successful.  

 

Figure 3 Application of gravity flow principles to sublevel caving design. Kvapil (1982, 1992) 

Over the past few years, the scale of sublevel caving has increased markedly with LKAB being a leader in 
this regard. Figure 4 provides a comparison of the sublevel caving mining geometries appropriate for the 
years 1963, 1983 and 2003 at the Kiruna mine. Some of the important parameters are tabulated in Table 1. 

 

Figure 4 The sublevel caving geometry at the Kiruna mine at three different points in time. 
Marklund and Hustrulid (1995) 
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At the Kiruna mine today the sublevel spacing is 28.5m. In certain sectors of LKAB’s Malmberget mine, the 
sublevel spacing is as high as 30m.  

Table 1 Summary of some important design parameters (Marklund and Hustrulid, 1995)  

  Year  
Parameter 1963 1983 2003 

Drift width (m) 5 5 7 
Drift height (m) 3.5 4 5 

Sublevel height (m) 9 12 27 
Sublevel drift spacing 

(m) 10 11 25 
Blasthole diameter 

(mm) 45 57-76 115 
Burden (m) 1.6 1.8 3 
Holes/ring 9 9 10 

Tons/ring (t) 660 1080 9300 
Tons/meter of drift 

(t/m) 400 600 3100 

In 1970, Kvapil left KTH to pursue other opportunities. Although a number of gravity flow studies have been 
pursued in Sweden and elsewhere since that time, questions still remain concerning the appropriateness of 
the model results and the design recommendations based upon them. Today, with the continuing push to 
increase mining scale, a fundamental question is whether the gravity flow principles which have well-served 
small-scale mine designs can be applied at much larger scales or whether some other approach is required. 
This paper will provide some thinking in that regard. 

2 The proof of the pudding is in the mine  

2.1 Introduction 
There is an old proverb (ask.yahoo.com) that says “The proof of the pudding is in the eating.” It means that 
the true value or quality of something can only be judged when it is put to use. The meaning is often summed 
up as “results are what count.”  

Janelid (1972) indicated 

“The results of a large number of model tests have been registered with photographs, films, diagrams, 
tables, calculations, etc. They have yielded very valuable and consistent information.  

However, when calculations as well as model tests are used to describe the actual process in sublevel 
caving, the uncertainty is such that a closer study of the process in full scale at a mine is justified. Here it is 
important to clarify the real shape of the volume of motion and the factors in the mining method that have 
influence on the shape. A comparison between different parameters in model and full-scale is also of great 
value for following studies.” 

In short, even at this early stage in modern sublevel caving, there was a concern as to how well the sand 
models actually represented reality. The proof was in the mine waiting to be demonstrated. Figure 5 presents 
this thinking in simple terms. 
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Figure 5 A wise Norwegian saying 

The result was the planning and carrying out of the first full-scale test at a mine involving markers in 
Grängesberg in 1971. Since that time, only a very few others have been conducted. In this paper, the focus 
will be on the Grängesberg tests and those conducted at the Kiruna and Perseverance mines.  

2.2 The Grängesberg mine marker tests (Janelid, 1972) 
 

To respond to this concern, a program was developed to conduct a full-scale test at an iron mine, 
Timmergruvan, which is located at Grängesberg in central Sweden. Sponsorship was provided by the 
Swedish Mining Association, Gränges Stål and LKAB. The main goals of the test were: 

- Investigation of gravity flow during loading of rock which has been blasted against loose rock 

- Investigation of the influence of the scaling factor when comparing model tests and full-scale tests 

The main test was carried out between the 322m and the 335m levels of the mine. It involved 3 sublevel 
drifts on the 335m level and 4 sublevel drifts on the 322m level. Initially the sublevel drifts were driven 3m x 
3m with a 4m wide pillar separating the drifts. Those on the 335m level were eventually widened to 3.5m in 
order to get an adequate size and adapt the drifts to the drilling equipment. The markers were inserted in the 
rings to be blasted from both the 335m and 322m levels. There were 5 rows of marker holes in each ring. A 
total of 12,628 markers were inserted from level 322m and 2,022 markers from the 335m level. About 75% 
of the markers recovered. The ore was a mixture of magnetite and hematite. The angle of internal friction for 
the ore and caved rock was determined to be 45 to 50o. When blasting against free space, the volume of rock 
increases by about 60%. When the blasting is done against loose rock, as is the case in sublevel caving, the 
swelling is reduced. Janelid (1972) notes that according to literature and our own observations, the 
“confined” swell in the direction perpendicular to the sublevel drift is about 20%. 

Table 2 Summary of some important factors concerning the Grängesberg marker tests 

Parameter Value 
Sublevel drift spacing (m) 7 

Sublevel spacing (m) 13 
Hole diameter (mm) 41 

Burden (m) 1.5 
Sublevel drift width (m) 3.0 slashed to 3.5 
Sublevel drift height (m) 3 

Front inclination (degrees)  90 

The explosive used was Dynalit in two types of cartridges; 36mm in diameter by 1150mm long and 38mm 
diameter by 500mm long. For the single ring blasts, the delay pattern was the following: 

• the two center holes on a 25 ms delay 

• the hole to each side on a 37.5 ms delay 
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• the hole to each side on a 50 ms delay 

• the final two holes on a 75 ms delay  

The practical charge density was 0.6 – 0.7 kg/m3 which was higher than normal in order to get good 
fragmentation. The test involved the firing of 15 rings. Of these, 9 were fired as single rings and 3 as double 
rings. Adjoining rounds were loaded simultaneously so that the whole mining front could be retreated 
evenly.  

Track-bound, compressed air driven equipment consisting of an Atlas Copco LM 56 (0.56 m3 capacity) 
overshot loader and shuttle car type U2N with a 1.1 m body (1.1 m3 capacity) were used. Loading was (1) 
carried out in intervals of 5 cars before the equipment was moved to the next drift and (2) distributed over the 
whole front slope in the drift in order to get an even motion along the whole mining front. The relatively 
small and light equipment facilitated recovery of the markers in the front and in the car as well as weighing 
of loaded cars and estimating the waste rock dilution in the loaded rock. During loading of each car, the 
numbers of the markers found in the front, bucket or car were registered and recorded as belonging to the car 
which was loaded when they were found. About 75% of all the markers in the test were recovered.  

The degree of filling was estimated according to a certain system and the car was weighed with a 5-ton 
dynamometer located at the orepass. The waste-rock dilution in each loaded car was estimated visually 
according to a number of interval limits. The fragmentation was observed by manual screening of a number 
of cars for each round. Other observations in connection with loading concerned hang-ups and the shape of 
drift walls and the roof next to the front slope. 

Figure 6 shows the average volumes of motion as determined using the markers positioned 15 cm in front of 
the mining front for loaded ore quantities of 400 tons and 600 tons. 

 

Figure 6 Results of the Grängesberg marker tests. Janelid (1972) 

Model tests were carried out at scale 1:20 with a total of more than 15,000 markers installed. The model 
material was crushed and screened magnetite from Grängesberg and the waste rock was limestone. When 
packed in the model, the respective densities were 3.24 and 1.6 g/cm3. Janelid (1972) indicates that 

“A comparison between the results from full-scale tests and model tests shows that the shapes of the volumes 
of motion are somewhat different. In the model tests, the volume of motion is somewhat narrower, higher and 
more evenly shaped. This is natural with regard to a more evenly sized and more easily moving material in 
the model. The angles of internal friction have been measured at about 35o in the model and 45-50o in 
normal blasted rock in the mine. In addition, loosening up and density of the material are more favorable for 
an even gravity flow in the model tests.” 

Unfortunately, the incursion of dilution as a function of draw was not reported by Janelid (1972) for either 
the full-scale or the model tests.  
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2.3 The Kiruna mine marker tests (Quinteiro et al, 2001) 
A very detailed marker study was conducted at LKAB’s Kiruna mine as part of the “Sublevel Caving 2000” 
project. The tests were conducted on the 713m level. The insitu density of the magnetite ore is 4.6 t/m3 
whereas that of the waste is about 2.6 t/m3. Figure 7 shows the fan geometry and Table 3 summarizes some 
of the important parameters. The length of the longest holes was of the order of 40m. 

 

Figure 7 Fan geometry for the Kiruna sublevel cave 

Table 3 Summary of some important factors concerning the Kiruna marker tests 

Parameter Value 
Sublevel drift spacing (m) 25 

Sublevel spacing (m) 27 
Hole diameter (mm) 114 

Burden (m) 3 
Sublevel drift width (m) 7 
Sublevel drift height (m) 5 

Front inclination (degrees) 80 

The emulsion explosive Kimulux R produced by Kimit AB was used. It has a density of 1.2 g/cm3 and a 
velocity of detonation of 5100 m/s (Nordqvist, 2007). Of the 10 holes in a fan, the middle four holes were 
shot using short delay intervals followed by the remaining holes. 

As noted by Quinteiro et al (2001) 

“The sublevel caving layout used at Kiruna has reached dimensions that are far beyond those that formed 
the basis for the development of the early design guidelines. Thus, there was a need to verify the gravity flow 
pattern for this very large sublevel caving area. It was decided to install markers in the fans so one could 
estimate the ellipsoid of extraction.” 

Figure 8 shows in longitudinal section the 15 marker locations in a fan. The markers were installed in special 
holes drilled half way between the production rings. A total of 908 markers were installed in 24 fans. Of 
these, a total of 272 markers were recovered. 
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Figure 8 Marker locations in the fan 

Figure 9 shows the results of the recovered markers expressed as a percentage of the total number of markers 
installed at each particular location.  

 

Figure 9 Percentage of the recovered markers at a particular position 

It can be seen that only a very small number of markers were recovered from the sides of the fan indicating 
that the ore flow was small. On the other hand, a large number of markers were recovered from the central 
part of the fan indicating that the predominant ore flow pattern was in the center. This type of flow behavior 
will result in early dilution. Figure 10 shows the results in Figure 9 in the form of a contour plot. 

 
 

Figure 10 Contour plots showing the percent recoveries at the different marker positions 



 

 115

An extensive sampling program was carried out during the loading out process. The objectives were:  

• to gather knowledge about the behavior of waste inflow and changes in ore quality 

• to control drawing of the fans with the objective of optimizing ore recovery and separating the 
different ore qualities 

• to test software developed for draw control procedures. 

The sampling technique consisted of taking a 1-kg sample for every tenth LHD bucket. Figure 11 shows one 
example of waste inflow measured by sampling the drawing of a fan. 

 

Figure 11 An example of waste pulsation, Quinteiro et al (2001) 

As Quinteiro et al (2001) explain 

“The data showed important differences in the behavior of waste inflow between laboratory tests and in situ 
measurements. The usual laboratory behavior of a smooth increase in waste percentage as the fan is drawn 
is more the exception than the rule in very large sublevel caving. The usual behavior observed is that of a 
pulsating waste inflow, i.e., high peaks of ore inflow are followed by high peaks of waste inflow. The 
probable explanation for this behavior is that blasting produces a granular material with widely varying 
fragmentation sizes and mobility characteristics throughout the fan.  

Normal laboratory gravity flow experiments do not account for this factor, i.e., the materials used, such as 
sand, have the same mobility across the fan. Thus, the pulsating behavior of the waste inflow observed in situ 
makes the draw control more difficult to be optimized. Procedures have been developed however to follow 
the drawing of the fans to optimize ore recovery under pulsating waste inflow.” 

The results achieved in this experimental area of the mine  

                        Ore recovery = 93% 

                        Dilution = 20% 

must be considered excellent. However, it should be emphasized that very special draw control procedures 
were employed.  

2.4 The Perseverance mine marker studies. Hollins and Tucker (2004) 
The Perserverance underground mine is located 645 km northeast of Perth in Western Australia. It is a 
disseminated nickel orebody. In 2000 after two major reviews of the sublevel cave performance, several 
design and operational changes were made. The most notable change was a reduction in the center-to-center 
sublevel drift spacing from 17.5m to 14.5m with the idea being to facilitate interactive draw. Strict mucking 
(bogging) practices were also put into effect “in an attempt to avoid surging of waste ingress.” The primary 
design parameters are given in Table 4. 
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Table 4 Summary of some important factors concerning the Perseverance marker tests  

Parameter Value 
Sublevel drift spacing (m) 14.5 

Sublevel spacing (m) 25 
Hole diameter (mm) 102 

Burden (m) 3 
Sublevel drift width (m) 5.1 
Sublevel drift height (m) 4.8 

Front inclination (degrees)  75 

The ore density was 3.45 g/cm3  yielding an approximate ring tonnage of 3500 tons. The draw cutoff grade 
was 0.9% Ni. The explosive Powerbulk VE having a density of 1.0 g/cm3 was used. Measurements of 
fragmentation indicate 90% smaller than 0.4m. No information was provided regarding the firing sequence 
of the delays.  

The marker tests were conducted in five separate crosscuts on three different levels of the mine. A total of 
1762 markers were installed at one-meter intervals. By varying the number and pattern of marker rings 
between blastholes, the depth and width of draw could be studied. The overall flow as determined from the 
markers is shown in Figure 12. 

 

Figure 12 Section showing the rings with the draw pattern superimposed 

 

Their findings are summarized in point form below: 

• There was no evidence of interactive draw 

• The maximum width of draw measured through the recovered draw markers was 11.5m (+/- 1m). 
This means a zone of blasted material located between crosscuts and at the toes of blastholes did not 
report to any of the drawpoints from which the material was fired. 

• During the trials, the measured size and width of this zone varied, however generally 35% of the 
blasted tons did not report to the crosscut from which they were fired or any adjacent crosscuts. 

• As more than 100% of design tones were mucked from the marker trial areas, material must have 
been traveling to the drawpoint from outside the blast envelope. 

• To study the depth of draw, up to three marker rings were positioned between each apparent blast 
burden (3m). On the 9715 level, markers were recovered from positions up to 2 metres in front of the 
ring being fired.  

• The trials indicate that markers placed at the level above can flow into the drawpoint within mucking 
of 20% of the blasted tons. This is consistent with early observations of barren ultramafic and felsic 
dilution entry when crosscuts above were mucked to waste. 
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• Recovery has been from markers positioned directly above the crosscut in an area between the 
extraction draw zones of adjacent crosscuts on the level above. 

• The recovery of markers behind a freshly fired ring is consistent with brow break back records 
throughout the mine. 

• At the time of the writing, 540 markers had been recovered. 

• Detailed draw analyses were undertaken for all the marker trial rings. The results showed dilution 
entry points between 11 and 25% of the tons extracted. 

• The analysis of the data confirmed a correlation between hang-ups in the drawpoint and waste 
surging. From visual observations of the hangups, it appeared that waste egress was coming from the 
front of the ring as opposed to dilution from above the blasted ring. 

• When a hang up did occur, markers from deeper, wider, and lower down in the blast envelope were 
retrieved. 

For the five trial locations, on average 60-70% of the recovered markers were recovered on the level on 
which they were installed (primary recovery). Additional marker recovery was reported as follows: 

• 20 - 25% on the subsequent level (secondary recovery) 

• 10 - 15% on the third level (tertiary recovery) 

• Up to 8% on the fourth level (quaternary recovery) 

2.5 Some summary observations 
In reviewing the results of the marker tests from Grängesberg, Kiruna and Perseverance, it is interesting to 
note that they all basically reveal a type of “silo” flow such as shown in Figure 13 even if the drilling pattern 
extends far outside of the “silo.” 

 

Figure 13 “Silo” type of flow pattern. Kvapil (1955), Janelid and Kapil (1965) 

Some “average” primary flow width/drift width ratios (Wf/Wd) for the three cases are summarized in Table 5. 

Table 5 A comparison of the marker flow patterns 

Mine 
Drift width 

(Wd) 
Level 

interval 
Flow width 

(Wf) Wf/Wd 
 (m) (m) (m)  

Grängesberg 3.5 13 4.9 1.4 
Kiruna 7 27 10.3* 1.48 

Perseverance 5 25 7.1 1.42 
     
* Arbitrarily taken as the 30% contour   
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The Wf/Wd ratio of 1.4 – 1.5 seems to apply for small scale sublevel caving geometries as well as very large 
scale. In retrospect, there are three reasons why this is a very logical result: 

1. The middle holes of the ring are fired first and can make first use of the swell volume offered by the 
underlying sublevel drift. 

2. The central holes are drilled sub-vertical, fairly parallel, and relatively close to one another. The 
result is a relatively high and uniform specific charge compared to the other holes in the round. Thus 
one would expect the best, most uniform fragmentation 

3. The ore material in the central part of the round can make the best use of the effect of gravity in 
directing it to the drawpoint. 

This finding has very important, but unfortunate, consequences to sublevel caving design. The unfortunate 
part is that the sublevel drift spacing will have to be reduced from the current spacing which is based largely 
on the dimensions of the draw ellipse. Before suggesting changes, it is important to review the draw 
mechanics which can explain, at least in part, the marker study observations. These are the subject of the 
following section. 

3 Simplified draw mechanics of sublevel caving  

3.1 Introduction  
Small scale physical model test results have historically played a very important role in the dimensioning of 
sublevel caves. In the construction of these models, the sand or other material is simply poured into the 
forms. As such, the properties are uniform and the mobilities are the same independent of position within the 
model. In a sublevel cave, this is not the case. All of the material in the fan is drilled and blasted. Because of 
the fan geometry, the amount of explosive/unit volume and hence the fragmentation varies throughout the 
fan. The ore material in the center part of the fan and the lower part of the fan has a much higher specific 
charge than that at the boundaries of the ring. Furthermore, the “cave” which lies in front of the blasted slice 
is an eclectic mixture of waste rock and ore remnants. Its mobility varies with location and with time (it 
changes with the extraction geometry). In addition, the sublevel drift which provides the “free” swell is 
located at the bottom end of the fan. The ore in the near vicinity of the drift has a much greater access to this 
volume and the chance to bulk. . For these reasons, one might expect a difference in the mechanics of flow 
between the sand models and reality. The actual mechanics are very complicated and probably impossible to 
fully describe. In this section, a somewhat simplified description based largely on swell will be presented.    

3.2 Swell 

3.2.1 Introduction 

In modern sublevel caving, the ore in the ring is fragmented by drilling and blasting. The size shape and 
looseness of the resulting fragments depends upon the blasting design and the size and location of the swell 
space. If a rock volume is allowed to freely expand when blasted, the resulting broken volume is 
significantly larger than the initial volume. By knowing the solid and broken densities, one can calculate the 
percent swell. This has been done in Table 6 for a variety of rock materials.  

Table 6 Swell for different materials, Simetric (2007) 

Material 
Solid Density 

(kg/m3) 
Broken Density 

(kg/m3) 
Percent Swell 

(%) 
Basalt 3011 1954 54 
Gneiss 2867 1858 54 
Granite 2691 1650 63 
Limestone 2611 1554 68 
Magnetite 5046 3284 54 
Marble 2563 1570 63 
Porphyry 2547 1650 54 
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Quartz 2643 1554 70 
Shale 2675 1586 69 
Stone (common) 2515 1602 57 
Trap Rock 2883 1746 65 

As shown in Figure 14, in sublevel caving there are two main swell modes for the ore within the slice: 

• Downward into the sublevel drift – known as ‘free’ swell 

• Forward against the caved waste – known as ‘confined’ swell 

 

Figure 14 Location of the swell space, Newman et al (2008) 

The available “free” swell space as provided by the sublevel drift is highly dependent on mining scale (see 
Table 7). Furthermore, the proximity of the free swell to the ring boundaries is also highly scale dependent. 

Table 7 Available “free” swell for the different LKAB designs 

Design "Free" Swell 
1963 24.0 
1983 17.9 
2003 5.5 

The “confined” swell, on the other hand, is basically scale independent as long as the design powder factor at 
the toes of the blast holes remains the same, Newman et al (2008) have presented the results of a field test in 
which a slice of ore was blasted horizontally toward a cave rock filled drift. The “confined” swell values 
obtained were in the range of 2% to 17%. If one now compares the swell desired by rock materials 
(magnetite, for example) as shown in Table 6 to that available (“free” plus “confined”), it is clear that the 
available swell is much less, especially for the very large scale designs. This difference is not reflected in the 
sand models where the material is fully loosened at the beginning and the swell is uniformly distributed.  

3.2.2 Flow described with respect to the “free” swell component 

As has been shown, in large scale sublevel caving, the ‘free’ swell is small and located in the sublevel drift 
which is easily accessed by only a small part of the overall ring. In this section, a somewhat simplified 
explanation of the potential flow mechanisms involved will be presented using the geometry of Kiruna as the 
example. It is patterned after an explanation originally proposed by Larsson (1996) to explain the observed 
pulsation phenomenon. It will be assumed that the magnetite in the ring has a density of 4.6 t/m3, would like 
to swell 50% during blasting (Larsson, 2007). The basic situation is shown in longitudinal section in Figure 
15. 
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Figure 15 Longitudinal view through the large scale sublevel cave at Kiruna with the available 
50% free swell volume limit superimposed.  

The cave mechanism will be summarized as a series of steps with corresponding figures: 

Step 1. The transverse section taken through the sublevel drift before blasting the next ring is shown in 
Figure 16. The angle of the front is at the angle of repose of the material which is of the order of 38 to 40o. 
An angle of 39o is assumed. It will be assumed that the brow is intact although, unfortunately, this is often 
not the case. 

 

Figure 16 Situation prior to blasting the next ring 

Step 2. During blasting it is assumed that it is only the ore directly above the drift is allowed to swell and that 
swell is assumed to be 50%. The situation after blasting is shown in Figure 17. 
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Figure 17 Situation after blasting 

The material at the bottom portion of the slice falls down into the drift and fully swells. The front angle is at 
the angle of repose and material higher in the ring fully swells until all the available swell volume has been 
taken. The possible swell against the cave is not considered here but will be addressed in the next section. In 
summary, the lower part of the ring directly over the sublevel drift has first call on the volume presented by 
the drift and it takes advantage of this opportunity.  

Step 3.  The load out of the slice now begins. As the loading front is steepened up, nothing happens until a 
critical angle which is of the order of 45 to 50o is reached. At this point in time, a volume Vo has been 
removed. See Figure 18. 

 

Figure 18 Steepening of the front 

At this stage, the front becomes unstable and collapses. Assuming that the cave is stable and the fully 
swelled ore simply slides downward, the void Vo is transferred to the top of the swelled portion. The material 
in between has simply slid down without further bulking. See Figure 19. 
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Figure 19 Formation of the void 

Step 4. The process of loading front steepening, flowing, sliding, steepening, flowing, sliding etc continues 
until all of the swelled ore in the slice has been drawn out. The final geometry is shown in Figure 20. 

 

Figure 20 Geometry after the initially swelled ore has been removed 

Step 5. If the overlying ore in the slice has not moved due to the confinement of the front-lying cave, a hang-
up situation exists. In order for the ore to move, it is necessary to release the confinement on the ore slice 
provided by the front-lying cave. There are a number of possible remedies including extraction (loading out) 
of cave material to steepen the cave front, the setting of explosive charges, the use of high pressure water, 
drilling from the adjacent drifts, etc.  

 

Figure 21 Continued mucking of the cave to induce instability 
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With luck and given a little time, the cave might become unstable by itself. When the cave moves, it removes 
the constraint from the ore making up the immediate roof of the slot. With that, the material at the cave front, 
the overlying ore in the slice, and possibly the ore at the slot sides, compete for the new void volume. The 
result is an eclectic mixture of materials at the drawpoint front. Figure 22 shows one possibility. 

 

Figure 22 Situation after collapse of the cave front 

Step 6. In the case shown, it is assumed that the ore at the sides has remained in place and some of the 
previously unswelled ore in the slice has swelled to 50%. A new 50% swell line is established with the ore 
material lying above that line fragmented but without swell. The extraction process continues but now with 
waste followed by the overlying ore. This is reflected in the pulsation observed in the LKAB marker tests. 
With extraction, a gap forms under the “New 50% swell line.” One possibility is that the loader operator 
pulls all of the material and an open slot is again formed. In Sweden, this condition is sometimes referred to 
as “high hang.” As before, one must do something to get the cave to move and to loosen its grip on the 
confined ore slice.  

A second possibility is that in the drawing process, some high cave material moves into the open slot thereby 
freeing a portion of the above lying ore and allowing it to swell. A new 50% swell line is thereby established. 
A logical position for the “high hang” to occur is where the specific charge is the highest. This position is 
shown in Figure 23. 

 

Figure 23 Zone where the specific charge is highest 

Step 7. This intermittent flow process is reflected in the ore-waste pulsation observed at the draw point. At 
times the front can appear to consist of nearly only waste and the loader operator is very inclined to stop 
loading. However, by continuing the loading process, the ore may reappear. On the other hand, one might 
have to continue loading cave for a long time before the ore magically appears again. Thus, as indicated by 
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Quinteiro et al (2001), special loading control procedures are needed to properly follow the extraction 
process. 

Step 8. Ideally all of the ore in the slice eventually moves down to the drawpoint. Towards the top of the 
ring, the fragmentation is poor due to the low specific charge. With the transfer of the void from the bottom 
of the flow up through the column, these are blocks have poor mobility. Thus it is easier for the smaller 
waste/cave blocks to fill the voids. Under these circumstances, the cave in the upper portion of the slice has a 
higher mobility than that of the ore and fills the slot without the confined ore moving downward. In this case, 
when the next slice is blasted, the upper portion of the slice does not get well-fragmented so the extraction is 
poor. Eventually a roof of ore is built up (in Swedish it is designated as “roof remaining”) and a new opening 
slot may be required to re-initiate the process.  

Step 9. The flow process described primarily involves the ore located directly over the extraction drift since 
it is that with the most favorable gravity component. The occurrence of hang-ups, for example, allows the 
cave to wander somewhat from the largely vertical orientation but not much. After hang-up removal it 
quickly returns to an upward extension rather than a lateral growth. This is the reason for the relatively 
narrow cave width noted in the marker tests.  

Step 10. The replenishment of the cave rock source from above is interesting in that it often occurs through a 
vertical column of very limited lateral extent. At Kiruna, for example, the cylinders corresponding to 
particular draws can sometimes be observed on the surface. 

3.2.3 The “confined” swell contribution to flow  

A horizontal section taken through a position in a ring is shown in Figure 24.  

 

Figure 24 Horizontal section taken through the blasted ring 

There are two possible mechanisms for creating swell under these confined conditions. The first is through 
spalling at the face of the slice (ore-cave interface) due to the explosion generated shock wave. Since the 
characteristic impedance of the cave is much less than that of the ore, the explosion generated compressive 
wave impinging on the interface will reflect in tension. The amount of spalling will depend on the amplitude 
of the shock wave and the tensile strength of the rock. According to Johansson and Persson (1970), spalling 
in granite will occur when 

           Charge weight/m of charge  ≥  5 kg/m3                                                                   (1) 
             (burden)2 

Assuming a hole diameter of 115mm, the use of ANFO with a density of 0.8 g/cm3 , and a burden of 3m, one 
finds that 

           Charge weight/m of charge  = 0.9 kg/m3                                                                (2) 
             (burden)2 

If the rock involved were granite, no spalling would be expected. If spalls would be produced, the forward 
movement of these spalls would be restrained by the passive pressure generated by the cave. Hence the 
potential for swell creation due to spalling is expected to be very small.  
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The other possibility for swell space generation is through the action of the gas pressure. One could imagine 
a crack forming between neighboring holes in the ring and the explosive gases flowing into the gap. The gas 
pressure would then semi-statically force the ring material against the cave. Assuming the explosive to be 
ANFO with an explosion pressure of 1600 MPa, adiabatic expansion (γ = 3) of the gas in the borehole, a slot 
0.01m wide by 1m high and 4m long (extending between adjacent holes), the pressure in the gap would be 
about 8 MPa. If the slot were only 0.005m wide, the slot pressure under the same conditions would be 38 
MPa. These driving pressures have to be compared to the passive pressure (PP) on the slice due to the cave 
(Coates, 1981) 

               ⎥⎦
⎤

⎢⎣
⎡ += 245(tan2 ϕρzPP                                                                                  (3) 

Where 
        PP = passive pressure (MPa) 
         ρ = density of the cave (MPa/m) 
         Z = height of the cave (m)  
         φ = angle of internal friction (o)   

Assuming that the mining depth is 500m, the density of the cave material is 1.5 t/m3 and the  angle of 
internal friction is 30o, the passive pressure from the cave (that which would oppose the action of the gas 
pressure) would be 

                 MPaPP 5.22)3)(500(015.0 ==  

So, depending upon the slot width, there could be some initial movement against the cave but it would be 
small. The measurements reported by Newman et al (2008) confirm the predicted small magnitude of the 
spalling/swell movement in the direction of the cave.  

Based upon these simple calculations and confirmed by field observations, it appears that the opportunities to 
increase the “confined” swell contribution appear to be small.  

3.4 Effect of scale 
There has been an emphasis on increased scale both in the open pits and underground. In the underground 
environment, drifting is generally much more expensive on a volume basis than is stoping. Hence, one has 
tried to minimize the specific development or alternatively maximize the tons extracted per meter of 
development drift. This has been facilitated by equipment manufacturers supplying the drilling machines 
required for the drilling of long, straight holes. In reviewing the LKAB designs summarized in Table 1, one 
can see that over the period of time shown the tons per ring have increased by a factor of about 15 and the 
tons/meter of drift by a factor of nearly 8. With the increase in scale, the area in contact with the front-lying 
cave has increased by a factor of 8.8 whereas the tonnage per ring has increased by a factor of 16.6. Thus, the 
waste contact area /ton of ore volume is much improved by increasing the scale and one might expect to be 
able to recover the ore with less dilution. If the swell-based draw behavior explanation offered above is 
accepted, then as the scale is increased, the height over which the fight for swell volume between ore and 
cave will proceed to very great heights. In the upper part of the ore column, the fragmentation will be poor 
due to the low specific charge (related to the fan drilling geometry), the more mobile cave should be the 
winner. Therefore, there must be a practical limit to sublevel height where the late stage extraction high 
dilution and poor recovery overwhelm the development savings associated with the very large-scale. The 
determination of this limit requires a comprehensive program of mine testing involving markers. Based upon 
the available marker studies it appears that the sublevel drift spacing should be of the order of 2.5 times the 
drift width independent of scale. 
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4 Looking a little back in time and then to the future  

4.1 Conventional design concepts, Kvapil (1982, 1992) 
Kvapil (1982) has presented design guidance based on the model tests for use with small to medium scale 
sublevel caving. One begins with the geometry of the extraction ellipsoid for the material and the expected 
fragmentation. Curves based on a large number of sand-based model experiments are provided in this regard. 
The size and shape of the sublevel drift is largely determined by equipment requirements. Given the size of 
the expected fragmentation and the density of the ore, one can estimate the maximum expected width (WT), 
depth (DT) and height (HT) of the extraction ellipsoid. The mid-height of the sublevel drift (Hs) should be 
placed where the extraction ellipse is the widest. This occurs at about 

                       Hs = 2/3 HT                                                                                                 (4) 

An approximate horizontal spacing of the horizontal drift axes (SD) can be determined knowing WT. The 
following rules apply: 

For hs ≤ 18m 
 
                       SD <  WT                                                                                                                           (5) 
                                 0.6 
For hs > 18m 
 
                       SD <   WT                                                                                                   (6) 
                                 0.65 

In conventional sublevel caving,  

                    SD ≤  Hs                                                                                                         (7) 

The thickness of the blasted slice (the burden, B) is given by 

                          B ≤ DT                                                                                                   (8) 
                                 2  
Where 
                        DT ≤ WT/2                                                                                                  (9)              

As noted, based upon improved longhole drilling precision in recent years, there has been a tendency to 
increase the sublevel height. Kvapil (1992) has presented some ideas regarding how this change would 
modify these design rules and cave performance. 

4.2 Layout suggestions, Bullock and Hustrulid (2001) 
Bullock and Hustrulid (2001) presented some practical rules for making initial sublevel caving designs. 
These rules are summarized below: 

• sublevel drift size (width (WD) and height (HD)): defined based on equipment operating space 
requirements 

• sublevel interval (HS): based on the ability to drill long, straight holes. This, in turn, is based on the 
hole diameter (D) 

• hole diameter (D): based on the available drilling equipment and the ability to charge long holes 

• spacing of the sublevel drifts (SD): based on a construction procedure involving the known sublevel 
drift geometry and 70o side draw angles 

• ring spacing (burden (B)):   

                    B = 20 D, for ANFO                                                                              (10) 

                    B = 25 D, more energetic explosives on a bulk strength basis              (11) 
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• hole toe spacing (ST): based upon the burden 

                    ST = 1.3 B                                                                                               (12) 

• front inclination: 70 to 80 degrees (forward) 

If it is assumed that 

     D = 115mm 

     Drift dimensions: 7m wide by 5m high 

     Explosive: Emulsion (high bulk energy) 

     Sublevel interval: 25m based on drilling ability 

One finds that the remaining dimensions are: 

      Sublevel drift spacing: 22m 

      Burden: 3m 

      Toe spacing: 4m 

      Front inclination: 80o selected 

Assuming a side draw angle of 70o one obtains the values for sublevel drift spacing as a function of sublevel 
height for two sublevel drift geometries in Table 8. 

Table 8 Sublevel height and sublevel drift spacing for two different drift sizes using Bullock and 
Hustrulid (2001) 

Drift size: 5m by 5m 
HS (m) SD (m) 
15 12 
20 16 
25 20 
30 23 

Drift size: 7m by 5m 
HS (m) SD (m) 

15 14 
20 18 
25 22 
30 25 

A reasonable extraction ellipse extending over two sublevels and between adjacent sublevel drift centerlines 
is obtained. 

4.3 New layout rules based upon marker test input 
 

Based upon the results of the three marker tests, it appears that the elliptical shape of the draw body does not 
apply. Rather the draw width (DW) is a constant times the width of the sublevel drift (WD). Based upon the 
very limited information available, one obtains 

                    DW = 1.4 WD                                                                                                   (13) 

This means that the center-to-center spacing of the sublevel drifts should be 

                      SD = 2.4 WD                                                                                                   (14) 
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Table 9 Sublevel height and sublevel drift spacing for two different drift sizes using equation (14) 

Drift size: 5m by 5m 
HS (m) SD (m) 
15 12 
20 12 
25 12 
30 12 

Drift size: 7m by 5m 
HS (m) SD (m) 

15 17 
20 17 
25 17 
30 17 

In comparing the results in Table 9 to those given in Table 8, one finds that they are in general agreement for 
the lowest sublevel heights for the two drift geometries but then they diverge significantly.  

Based upon the new information, it is suggested that the Bullock and Hustrulid (2001) design rules be 
modified. These modified rules are summarized below: 

• sublevel drift size (width (WD) and height (HD): determined based on equipment 
• sublevel interval (HS): the theoretical maximum value is based on the ability to drill long, straight 

holes. This, in turn, is based on the hole diameter (D). The actual limit is based on recovery and 
dilution considerations which are due to managing ore/waste pulsation.  

• hole diameter (D): based on the available drilling equipment and the ability to charge long holes 
• spacing of the sublevel drifts (SD):  
                    SD = 2.4 WD                                                                                            (14) 
• ring spacing (burden (B)): based upon the damage radius (Rd) concept discussed by Hustrulid and 

Johnson (2008)   
                    
                    B = 2 Rd                                                                                                   (15) 
      Where 

                
rockANFOe

Expe
hd P

P
rR

ρ
65.220/ =                                                                     (16) 

                 Rd = damage radius (m) 
                 rh = hole radius (m)  
                 Pe Exp = explosion pressure for the explosive 
                 Pe ANFO = explosion pressure for ANFO = 1600 MPa 
                 ρrock = rock density (g/cm3) 
                 2.65 = density of typical rock (g/cm3) 

• hole toe spacing (ST): based upon the burden 
                    ST = 1.3 B 
• spacing for parallel holes (SP): based upon the burden 
                    SP = B                                                                                                      (17) 
• front inclination: 70 - 80 degrees (forward) 

If it is assumed that 

     D = 115mm 

     Drift dimensions: 7m wide by 5m high 

     Explosive: Emulsion (Pe Exp = 3900 MPa) 

     Rock density = 4.6 g/cm3 

     Sublevel interval: 25m based on drilling ability and control of pulsation 
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One finds that the remaining dimensions are: 

      Sublevel drift spacing: 17m 

      Burden: 2.7m 

      Toe spacing (fanned): 3.5m 

      Toe spacing (parallel): 3m 

      Front inclination: 80o selected 

It is noted that the new sublevel drift spacing rule has very limited basis and must be carefully complemented 
with further testing. There also needs to be practical limits due to the pulsation effect. 

4.4 Implications for future sublevel caving designs 
The results of the marker studies would indicate some major changes are required in current sublevel caving 
designs. Assuming that the drift width is not changed, it would indicate that the sublevel drift spacing should 
be reduced and thus the overall mining scale would decrease (presuming no change in the sublevel height). 
One way of maintaining the current scale is to increase the width of the sublevel drift. Figure 25 shows one 
possibility. 

 

Figure 25 Silo design with super-scale extraction drifts, patterned after Kvapil (1992) 

This has advantages with respect to the silo shape and the parallel hole drilling. However, one must be 
concerned with geomechanics issues (drift and brow stability). Furthermore, the draw must be well 
controlled over the entire face.  

If one wants to preserve the specific development ratios in place today, one would need to increase the 
sublevel height. However, this has problems with hole deviation, maintenance of long holes, charging of 
very long holes, and dealing with ore/waste pulsation over a much longer draw duration. This seems like a 
very difficult alternative to achieve on a day to day basis. On this basis, it would seem that in the future 
mining companies will be looking toward smaller scale designs than today and not larger. The current very 
large-scale designs may actually be too large-scale. 

4.5 Front caving implications  
The paper has only dealt with standard sublevel caving. There are a number of variants, however. Front 
caving is a variety of the sublevel caving technique which is quite often used It is, for example, a very 
interesting technique for the creation of the undercut required in block and panel caving. However, it is very 
important that the undercut be completely formed. The marker studies would indicate that the flow stream is 
much narrower than previously thought. If rock mass flow does not occur over the full drilled width, the 
remaining portions could form remnants and transmit loads to the production level with catastrophic 
consequences. This means that current undercut designs based upon front caving will have to be re-
evaluated. 
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4.6 Future possibilities to maintain/increase scale  
There are two possibilities, at least, to try and maintain or possibly even grow the scales used today. One 
possibility deals with using more of the sublevel drift for swell than just that taken by the ore falling down. 
This involves changing the blasting pattern and initiation sequence so that the ore at the lower part of the ring 
is propelled far out into the drift. A second possibility which also involves a change in the blasting is to use 
the available swell space more effectively. This means only permitting the ore in the lower part of the ring to 
only swell 20% rather than 50%. This would thereby increase by a factor of 2.5 the amount of ore in the ring 
which has a chance to swell. Accomplishing both of these possibilities should be well within the capabilities 
of electronic detonators with very precise timing.  

A problem with today’s typical ring drilling design is that the hole spacing changes from very small near the 
drift to large at the hole ends. The parallel hole design used in the silo design avoids this problem. Without a 
major change in drift width, one is confined to a rather narrow pattern. Figure 26 shows one possible 
futuristic design involving special drilling technology and the blasting innovations which better use the 
available “free” swell space.  

 
 

Figure 26 New possibilities for large-scale sublevel caving 

The design presents an opportunity to achieve improved fragmentation, an increase in ore mobility, and a 
more uniform distribution of ore mobility over a much wider front. An understanding of how the ore actually 
flows in sublevel caving will lead to better designs. The marker studies are an important step along that path.  

4.7 Future studies 
In closing, the authors believe that it is time to seriously revisit the recommendation made by Janelid (1961) 
nearly 50 years ago with regard to small-scale sublevel caving  

“The results achieved have been so encouraging that continued research work is well justified since the 
economic benefits which can be achieved through the development of the correct method are extraordinarily 
large.” 

One important result of this recommendation in 1971 was the pursuance of a marker study at the 
Grängesberg mine and a complementary modeling program. In retrospect, a closer evaluation of the results 
collected at the time might have had a substantial impact on the designs made and executed since then. For 
example, in spite of the close spacing of the drifts and the care taken in retreating adjacent faces, no apparent 
interactive draw was observed. This was one of the conclusions of the Perseverance studies conducted in 
2004.  

In spite of their obvious value, field studies are few and far between in the mining business. In addition, if 
conducted, it is very difficult for others to access the results and perhaps gain and offer new insights. This 
must change if the mining business is to meet the technical, economic and safety challenges the future has to 
offer. 
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There is a real danger that today’s sublevel caving designs are far from optimum due to a poor understanding 
of the fundamental processes involved. In the past, the application of sublevel caving has primarily been to 
iron ore, particularly magnetite, which because of its very forgiving magnetic property, permits easy and 
inexpensive separation from the waste. The same is not true with other minerals, for example copper 
porphyry and gold ores. For these, it is very expensive to separate ore and waste. It would appear that prior to 
fully committing to any sublevel caving design, a pilot project should be run with a carefully planned and 
executed program of data collection. One very important piece of information to be extracted is the draw 
width. It is also very important to develop the required draw control techniques to be applied in the mine. As 
was pointed out, with ore/waste pulsation which is inherent in very high draw designs, practical draw control 
becomes very difficult. Visual viewing of the cave front is not enough. 

Thank you for the time spent in reading our contribution.  
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Abstract 
The Big Bell Gold Mine utilised longitudinal sublevel caving for a significant period of its mine life. Draw 
and blasting databases were compiled for daily reporting, and analysis of mining performance and for future 
studies of the draw mechanisms during the sublevel caving period.  

The writers' objective was to gain a better understanding of the factors that influence dilution and ore 
recovery in longitudinal sublevel caving, mainly as the knowledge base for this particular mining method is 
limited when compared to other bulk mining methods. The analyses involved 3,358,301 fired tonnes and 
3,520,322 drawn tonnes spread over 106 "stopes" and 5 years of mine operation. A study by Perera (2005) 
determined blasting parameters and draw geometry were the most significant influences on the longitudinal 
sublevel cave draw. Blasting parameters include tonnes per drill metre, powder factor, burden to spacing 
ratio and number of rings fired. Draw geometry included number of drawing points and location, drawpoint 
width, footwall angle, orebody width and draw height. The average and variance for each parameter was 
discussed in the study. Hangingwall rock mass strength variation was empirically determined to be a 
significant influence. 

According to the principles of gravity flow by Kvapil (1992), the Big Bell cave can be evaluated as having 
achieved ‘good’ draw. Several theories of sublevel cave draw were examined; with back analysis showing 
good correlation. It is clear from the review of theoretical literature and the analysis of the Big Bell draw 
data that sublevel cave draw is a balance of several different competing variables. 

The data presented may be used to benchmark new or existing operations which exercise a similar technique 
or mine geometry. 

1 Introduction 
Sub Level Caving (SLC) is a multivariable optimisation problem. The primary objective in this study is to 
quantify dilution and recovery in longitudinal sublevel caving and identify the variability that occurs in the 
draw. Draw and grade data from the Big Bell Gold mine was manipulated to analyse recovery, dilution and 
grade on a stope by stope basis. Several blasting parameters and mine geometries were examined for their 
effect on recovery. Several graphs will be presented, in which North is on the left and South on the right 
hand side. Levels increase in depth from top to bottom, they correspond to the depth below surface. The 
analysis comprised of the following quantities: 

• Total Mass Fired = 3,358,301t 

• Total Mass Drawn = 3,520,322t 

• Ore Drawn = 2,738,428t 

• Waste Drawn = 748,379t 

• Mineralised Stope Fill (MSTP) Drawn = 33,515t 

2 Big Bell Gold Mine 
The Big Bell mine was located approximately 550 km north- north east of Perth, in the Wiluna Greenstone 
Belt of Western Australia. Mining of the area by prospectors commenced in 1904; since then Big Bell mine 
experienced changes in mining methods from alluvial to underground, to open pit and back to underground.  
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The datasets used in the study were compiled during the Longitudinal SLC phase of operations. The draw 
and blasting statistics are contained in two MS Access databases. Prior to interpretation, the raw data was 
formatted and filtered so as to obtain a comparable set of stopes. A stope is defined as a block of ore at a 
mining horizon of a particular length. Stopes with the same number occupy the same northings but are on 
different levels. 

The study was restricted to the following two periods: 

• September 1998 to August 2000, 

• January 2002 to July 2003. 

A history of the operational and mining method changes implemented at Big Bell due to the unusually high 
stress environment is referred to in the bibliography; these changes define the two selected time periods. The 
mine loaded ore from each firing to a cut-off grade rather than percentage of tonnes fired during both the 
SLC periods under review. 

Stopes excluded from the study, but are within the time periods, served as slots for the beginning of a level, 
had short strike lengths or was a massively bridged stope. Figure 1 is a schematic of the stopes used in the 
analysis. North is on the left of stope 70 and South on the right hand side of stope 70. There are 106 ‘stopes’ 
in total. 

STOPE 

  94 92 90 87 85 82 80 78 75 73 70 68 66 63 61 58 56 53 50 47 

350                                         
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Figure 1 Stope Selection 

3 Gravity Flow and Dilution 
There have been several projects undertaken to understand the flow of material in a mine environment. 
Kvapil 1965a and Kvapil 1965b are the foundation upon which modern day SLC theories are based. These 
studies involved the gravity flow of granular materials in hoppers and bins, and have come to be known as 
the ‘classical’ theories of SLC. Susaeta (2004, p. 167) highlights the following ideas on gravity flow as 
important considerations to optimise recovery in sub level caving. 

• An isolated draw column is generated when a drawpoint is extracted independently. 

• Even draw of neighbouring drawpoints minimises dilution. 

• Isolated draw diameter is independent of the drawpoint width. 

• Closer drawpoints lead to better ore recovery. 

• Interaction between two drawpoints occurs if the distance between them is less than 1.5 times the 
isolated draw diameter. 

SL
O

T
S 
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• Higher draw columns decrease total dilution. 

• The diameter of a draw column is a function of the fragmentation of the material. 

• Fineness of fragmentation is directly related to ore extraction. 

When material inside a cave starts to flow, the movement area takes on an ellipsoidal, described by its 
eccentricity. Kvapil (1992, p.1795) states that eccentricity is a function of particle; size, shape, form, surface 
roughness, angle of friction, density, moisture content and the extraction or discharge rate of the material. 
These factors dictate certain behavioural patterns which influence particle mobility. Greater mobility directly 
translates to a smoother gravity flow, and a high eccentricity. Section 4 evaluates Big Bell recovery data 
against Kvapil’s dilution curves (Kvapil, 1992) and Section 6 tests the last two items of this theory using 
powder factor as a proxy for fragmentation. It was not possible to test remaining criteria from the available 
data. 

4 Recovery of Tonnes Fired 
Recovery can be calculated by tracking actual draw from a stope to that planned in the stope design, i.e. 
tonnes drawn divided by tonnes fired. By changing the type of material in the numerator it is possible to 
calculate total, ore, waste or MSTP recovery. Graph 1 shows the average recovery of tonnes fired from each 
stope. 
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Graph 1 Average Percent Recovery 

Graph 1 shows that very high total recoveries were achieved at the northern end of the mine. There was a 
significant decrease in ore recovery from north to south accompanied by fairly consistent waste levels. 
Player (2004) explains that high seismicity experienced in the northern end of the mine was in part 
influenced by competent hangingwall conditions increasing the loading stiffness on the country rock. The 
idea of strong hangingwall conditions was supported with observation of block sizing in the surface 
expression of the cave (significantly larger at the northern end), the location of cable bolting within the pit 
(dominantly at the southern end) and the size of the waste that reported to the draw points underground (finer 
towards the southern end of the mine). The theory of differential fragmentation states that finer ore particles 
flow in preference to the coarser waste (also consistent with Bull and Page, 2000).  
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Stope 70 was generally used to commence each new level. This appears as a dip in the total recovery and ore 
recovery in Graph 1. A similar dip in recovery occurs at stopes 85 and 50; which represent repeated locations 
for pillar positions. Stopes that have a pillar located in once across the multiple levels do not appear to affect 
the overall recovery graph. 

4.1 Ore Recovery 
Graph 2 is a histogram for the ore recovered from the fired tonnes. The population is skewed to the right with 
a mean of 84% and standard deviation (σ) of 24%. A recovery of more than 100% of ore tonnes fired implies 
that ore remaining from previous shots was recovered, dilution material consisted of unfired ore, or a 
sampling error may have occurred. 

 

Graph 2 Overall Ore Recovery of Fired Tonnes 

Summary of performance across the mine: 

• Total tonnes drawn of fired tonnes, 108% and σ 28%. 

• Ore tonnes drawn of fired tonnes, 84% and σ 24%. 

• Waste tonnes drawn of fired tonnes, 23% and σ 9%. 

MSTP recovery accounts for less than 1% of tonnes fired. Hence 84% +23% +1% = 108%. [N.B. values are 
rounded]. 

To investigate performance due to hangingwall conditions the recovery histogram in Graph 2 was split into 
Northern (stope 94 to 78), Central (75 to 66) and Southern (stope 63 to 47) sections. The recovery profiles 
are generally normal distributions with a progressive increasing skewness to lower recovery from the north 
to south. 

The lower recovery at the south end of the mine is evident in Graph 3 and is inferred that the weaker 
hangingwall rockmass had a significant effect on the draw by allowing early waste entry by fragmenting into 
smaller blocks and starting to cave earlier. 
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Histogram of Ore Recovery Along the Mine
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Graph 3 Ore Recovery by Area of the Mine 

4.2 Recovery Summary Statistics 
Table 1 presents the recovery statistics for the data set, simple arithmetic averages and the standard deviation 
(σ). The table shows that the Northern and Central sections of the mine had the same overall performance, 
and across the mine each recovery category had a similar standard deviation. The variance ratio test (the F 
test) showed that the variances of the data for the total, ore and waste recovery were equal at the 5% 
confidence level. This allowed the "t-test" with equal variances to be used to assess the mean recovery. The 
t-test showed that average total and ore recoveries are the same for the north and central blocks and different 
to the south block. Waste recovery is consistent across all blocks. 

Table 1  Recovery Statistics 

 North Stopes (94-78) Central Stopes (75-66) South Stopes (63-47) 
 Total Ore Waste Total Ore Waste Total Ore Waste 

Average 116% 94% 22% 114% 93% 21% 98% 72% 24% 
σ 26% 21% 9% 28% 23% 8% 28% 20% 10% 

These recovery values are the product of many mining related parameters. The scatter represents the 
variability in draw, which is an inherent risk of longitudinal SLC. Understanding the factors which control 
these variations could contribute significantly to the understanding of the draw mechanism. 

4.3 Big Bell and Kvapil 
The Big Bell recovery statistics compare well to dilution curves found in Kvapil (1992, pp.1806-1807). 
Kvapil assumed extraction to stop at 110%, Big Bell averaged 108% recovery of fired tonnes. Given this, it 
is possible to make the comparison shown in Table 2. If Kvapil’s dilution values are taken as an initial 
benchmark then it can be concluded that overall longitudinal SLC at Big Bell had good recovery. Graph 4 
shows the average draw by the marker and one standard deviation of the data set has been defined by the 
box. 

Table 2  Big Bell and Kvapil 

  Kvapil (1992) 
 Big Bell Good Intermediate Bad 

Total % 108 110 110 110 
Ore % 84 83 75 65 

Waste % 23 27 35 45 
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Graph 4 Kvapil Dilution Development Curve 

Big Bell's averaged stope by stope recovery data is overlain on Kvapil performance curves in Graph 5. The 
data has been subdivided into northern, central and southern stopes and Kvapil’s good, intermediate and poor 
curves. The graph provides a sense of the variability in draw across the mine. 

 

Graph 5 Big Bell Dilution Development 
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5 Grade 
Two different types of grade values were calculated in the data analysis, these being recovered and in situ 
grade, depending on whether the denominator used was total tonnes drawn or ore tonnes drawn respectively. 

• Recovered Grade - This gives the mine head grade or the grams of metal recovered per tonne of rock 
(ore, waste and MSTP). This is the typical grade quoted in any mining analyses. 

• Calculated In Situ Grade - Yields the grams of metal recovered per tonne of ore drawn. It is 
important to note that the grams of metal used in the numerator have come from ore, waste and 
MSTP. In reality dilution was not without grade but below a cutoff grade as the orezone had a 
disseminated boundary. In the process of dividing the value of grams by ore tonnes it is assumed that 
dilution runs at zero g/t, i.e. all the grams come from the fired ore. 

5.1 Grade Dilution 
The difference between 'recovered grade' and 'calculated in-situ grade' is 'grade dilution'. Graph 6 depicts the 
arithmetic average 'grade dilution' per stope. The 'recovered grade' is lower in the north, peaks around Stope 
78 and declines towards the south. The 'calculated in-situ ore grade' starts similarly but plateaus towards the 
south. The 'grade dilution' per stope is represented by the vertical bars on Graph 6 and increased towards the 
south. Hangingwall differences between the north and south sectors of the mine are considered to have 
contributed to this trend. Longitudinal SLC resulted in a 'grade dilution' of between 0.8g/t and 1g/t assuming 
the dilution material had no grade. 
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Graph 6 Grade Dilution  

Graph 7 shows average grade per stope and average recovery per stope on the primary and secondary axes. 
Increase in 'grade dilution' occurs with higher of waste recovery and reduced ore recovery. 

The stronger hangingwall in the north may have resulted in less waste entry which subsequently allowed the 
cave to run at a lower grade prior to cut off; hence the greater ore recovery values and lower grade dilution. 

Conversely the higher grade dilution experienced towards the south may be explained by the weaker 
hangingwall conditions which resulted in greater inclusion of waste within the draw.  
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Average Head Grade and Average Calculated In Situ Grade per Stope
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Graph 7 Grade Dilution and Recovery 

5.2 Grade Dilution Adjustment 
'Calculated in-situ ore grade' was initially based on the premise that dilution was drawn at zero grams per 
tonne. The assumption that no ounces came from the waste material, provides a slightly elevated figure for 
the 'calculated in situ grade', and also the 'grade dilution'. 

To improve the representation of the 'calculated in-situ grade' of the actual ore tonnes drawn it was necessary 
to assume a grade for the dilution. Intuitively and as seen in Graph 8, as the grade of the dilution material 
increases, 'calculated in-situ grade' (shown by the lines on Graph 8) will approach the recovered grade. 
However, even at waste grades of 1 g/t there is still a significant cap between in-situ and recovered grades. 
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Graph 8 Recovered and Calculated Grade 

Big Bell typically assigned a dilution value of 0.24 g/t. The summary statistics, calculated using this dilution 
grade, show the arithmetic mean head grade reduction is 0.84 g/t. 

6 Blasting Parameters 
The shot by shot blasting database used by the mine made it possible to track the performance of the cave 
with changes in blasting parameters on a stope by stope basis. Several blasting parameters were studied for 
their effect on recovery, with two strong relationships identified. These were the powder factor and tonnes 
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per drill metre (TPDM). It is important to note that recovery is simultaneously influenced by many different 
variables. 

6.1 Powder Factor 
Powder factor can be used as a proxy for fragmentation. Graph 9 plots this with respect to ore recovery of 
fired tonnes versus powder factor. Using the stope by stope data set, positive relationships are generally 
observed - with higher powder factors resulting in better fragmentation which leads to greater ore recovery. 
The typical Big Bell powder factors ranged from 0.4 to 0.65 kg/t. 
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Graph 9 Ore Draw and Powder Factor 

The higher blast energies associated with high powder factor shots have the ability to compact the waste / 
caved material which should assist in cleaner ore recovery. A similar graph showing percentage dilution had 
significant scatter, as would be expected from the high variance reported. But selected stopes do show the 
expected relationship that waste drawn decreased with increasing powder factor, as illustrated by Graph 10. 
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Graph 10 Waste Draw and Powder Factor 
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7 Geometry Factors 
A number of geometry factors were examined as part of the project; the strongest relationship identified was 
an increase in recovery from using one rather than two parallel ore drives across a wide range of orebody 
cross sectional areas.  

7.1 Number of Drives and Average Cross Sectional Area 
The effect of one and two ore drives, and stope size, on recovery were examined by plotting average cross 
sectional area on the horizontal axis and percent recovery on the vertical axis. Recovery is expressed as a 
percentage of the designed tonnes fired. The mine generally implemented two ore drives when the orebody 
exceeded 22m in width. This was in line with Kvapil (1992, p.1811), which states that two ore drives should 
be used in order to increase recovery in areas where orebody thickness is greater than 20m. 

The dataset of stope recovery was split into discrete groups of one and two ore drives. The following 
calculation yields a simplified average cross sectional area per stope. 

LengthStrikeDensity
TonnesStopeTotalStopeperAreaSectionalCrossAverage

×
=  

The calculation was necessary as the fired cross sectional area was not documented for each blast, neither 
was the average stope height or width. For the purpose of the study the review was undertaken on a stope by 
stope basis rather than individual blasts. The calculation assumed an ore density of 2.7t/m3 and strike lengths 
of : 

• 30m (Stope 47 – Stope 63) 

• 24m (Stope 66 – Stope 99) 

It is inferred from Graph 11 and Graph 12 that given the same stope cross sectional area, a two ore drive 
strategy yields an improved recovery despite the overlap between the datasets. Total recovery increases by 
25% and ore recovery by 20%. This trend seems to apply to all available cross sectional areas. The negative 
gradients of the linear regression curves from Graph 11 and Graph 12 indicate that recovery and cross 
sectional area are inversely related. That is, smaller stope dimensions yield better ore recovery. The issues 
associated with the number of ore drives and the fired cross sectional areas are,  

• Reduction in recovery by using only one drive, 

• Extra development cost associated with implementing two drives, 

• Whether the cave advance rate is reduced to an unacceptable level by the requirement for additional 

development drive. 

• An additional ore drive increases the time for the development cycle. 

• Two ore drives reduce the maximum blast hole length for the same orebody width. This effectively 

allows an increase in the level interval, and control of drill hole deviation. 

• Reduction in drill hole deviation which reduces the probability of hang-ups/ bridging and should 

allow more uniform blast hole patterns. 

• One ore drive reduces mining flexibility, particularly if brow loss occurs. 

The cross sectional area is a dependent variable because it was calculated from the tonnes fired per stope, 
and more appropriate calculations require the physical geometry of each fired stope to assess the parameters 
listed above and in section 3. 
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Graph 11 Total Recovery and Stope Cross Sectional Area 
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Graph 12 Ore Recovery and Stope Cross Sectional Area 

7.2  Multiple Regression Linear Analysis 
A multiple linear regression was undertaken using Microsoft Excel for the parameters that might be expected 
to influence recovery. 

It is important to select independent parameters for analysis. The parameters were ranked as Type 1, Type 2 
or dependent parameters. Type 1 parameters are fully independent and can be set at will by the mine, Type 2 
parameters are chosen randomly from the matrix of the data. Dependent parameters in a linear regression 
analysis Type 1 parameters are solved first, followed by type 2 parameters and generally dependent 
parameters are not included: 

Type 1 parameters -  stope number, mining level, number of drives, 

Type 2 parameters -  reserve grade, tonnes fired per drill meter or tonnes fired per total drilled metres, 
powder factor (kg/t), number of rings fired, number of stopes open at a time, 
number of days a stope is open, and cut off grade, 

Dependent parameter -  stope cross sectional area. This is dependent because it was calculated on the 
tonnes fired in the stope rather than the true cross sectional fired area. 

The key parameters identified by the linear regression were stope number, number of drives, powder factor 
and tonnes fired per total metres drilled. 
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Percentage Ore Recovery = -68+ 0.874*(Stope No.) + 11.8*(No. of Drives) + 81.3*Powder Factor 
+27.1*Tonnes/(drill+redrill) metres 

r2 =0.38, i.e. 38% of the variation in the percentage ore recovery is accounted for by these four factors. 

Table 3 gives the “t statistic” and P values for the significant parameters. 

Table 3  Multiple Linear Regression Statistical Analysis 

Parameter Coefficient "t-statistic" P-value 
Intercept -68 2.98 0.0036 

Stope Number  8.74 6.22 <0.0001 
Number of extraction drives  

(1 or 2) 011.8 3.11 0.0024 

Powder Factor (kg/t) 81.2 3.83 0.0002 
Tonnes per (drilled + redrilled) 

metres (t/m)* 2.71 2.71 0.008 

Factors that were not statistically significant in the ore recovery included: 

• Mining level (Reduced level below surface)  
• Reserve grade  
• Cut off grade for the small range of cut off grades used 
• Average number of rings in a shot during the extraction of the stope 
• Number of Days a stope was active for  
• Number of stopes open during extraction of this stope 

Undocumented factors of actual fired height and width, footwall angle, distance from the footwall drive to 
footwall of the orebody, as well as random variation and random error and bias, may be expected to 
contribute to the remainder of the variation. 

8 Conclusion 
The objective of sublevel caving should be to maximise ore recovery and minimise dilution. The unique 
challenge to this mining method is to cleanly draw a volume of ore surrounded by a caving hangingwall. 

A future or existing longitudinal SLC operation similar to Big Bell could expect to experience on average the 
following recovery statistics. 

• Total tonnes drawn, 108% of fired tonnes with a standard deviation of 28%. 

• Ore tonnes drawn, 84% of fired tonnes with a standard deviation of 24%. 

• Waste tonnes drawn, 23% of fired tonnes with a standard deviation of 9%. 

• Average Head grade reduction of 0.8 g/t to 1 g/t given a ‘dilution material grade’ of zero g/t. 

• Head grade reduction of 0.84 g/t given a ‘dilution material grade’ of 0.24 g/t. 

At Big Bell the northern and southern sectors of the mine have different draw mechanisms due to a change in 
hangingwall strength. A stronger northern hangingwall resulted in reduced waste entry which allowed the 
greater recovery of ore. The mine wide average for ore recovery and dilution correlate well with Kvapil’s 
evaluation criteria. 

Multiple linear regression analysis was used to determine the statistically significant parameters that 
influenced recovery. 

When powder factor was used as a proxy for fragmentation, it was found that ore recovery increased with 
finer material, while waste recovery decreased in certain stopes, that is stopes 92, 82 and 53 showed clear 
trends, but each stope had its own trend line. Plots of recovery and tonnes per total drill meters showed that 
ore recovery increased with more drill metres and was accompanied by a decrease in waste entry. 
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In terms of stope geometry, two ore drives delivered better ore recovery (increase by 20%) with similar 
amounts of dilution (increase by 5%) when compared to one ore drive drawing the same cross sectional area. 
Ore recovery was greater in stopes with a smaller cross sectional area. Similarly, a smaller stope height (or 
width) was observed to yield higher ore recoveries. An increase in required draw size by 60% resulted in an 
approximate 20% reduction in ore recovery. 

It is possible to conclude that the scatter in the data indicates the variability inherent in the mining method. 
From the results of this study it is evident that there are several variables that must be simultaneously 
satisfied for the successful implementation of a sublevel cave, these include establishing databases that allow 
a comprehensive documentation of draw performance during each shot, and the blasting process with shot 
and drive geometry.  
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Abstract 
Over recent years, several block caving operations have adopted an aggressive approach to drawpoint 
spacing design spurred on by the drive to reduce upfront capital costs and maximise production using large 
LHDs. The design philosophy has been to space drawpoints as wide as the ore fragmentation will allow 
drawzone interaction. However, our current limited ability to predict fragmentation size and the over-
optimistic presumption of drawzone interaction has often led to situations where late or no drawzone 
interaction is the norm, particularly during the early stages of production. Ultimately the consequences of 
poor draw interaction are often dire and the outcomes are realised as unpredicted cave propagation, rapid 
break-through, early dilution entry, point loading on the extraction level and poor reserve reconciliation, to 
name but a few. This paper examines the shortcomings of spacing the drawpoints too widely apart and 
attempts are made to highlight the common pitfalls to drawpoint spacing selection. Finally, an alternate and 
more rigorous drawpoint spacing methodology is put forward for future block caving projects. 

1 Introduction 
Arguably the single most important parameter governing the performance and success of a caving operation 
is the rock fragmentation within the ore column. Fragmentation dictates the size of the drawzone and 
influences the mass flow behaviour within the cave column, which in turn controls the rate of cave 
propagation, dilution entry and resource recovery. 

Cave propagation is another critical factor that influences the cave’s performance. In cases where the cave 
footprint dimensions are limited and the footprint hydraulic radius is only slightly larger than the critical 
hydraulic radius required to sustain continuous caving, the manner in which the cave propagates is just as 
important as the issue of caveability. And thus the shape of the propagating cave back must be controlled 
where possible, by proper draw control practice. 

A benchmarking study conducted by Flores and Karzulovic (2002) revealed that the average drawpoint 
spacing worldwide had increased from about 8m in mines operating before 1970 to 12m during the seventies, 
eighties and nineties, thereafter, post 1990, increasing even further to 16m.. Several prominent caving 
operations have claimed that there have been no adverse consequences, such as reduced recoveries or 
increased dilution, as a result of these marked drawpoint spacing increases. Recent experience from Rio 
Tinto block caves suggest the contrary, with late or no drawzone interaction believed to be linked to the 
poorer than predicted recoveries from their block cave mines. 

2 Rebop – Introduction/Description 
In order to study ore flow mechanics and to understand the influence of the fragmentation characteristics on 
the drawpoint design and draw control, modelling software called REBOP (Rapid Emulator Based on 
PFC3D, Itasca 2000) was developed by the Mass Mining Technology (MMT) research consortium. This 
program incorporates rules (Pierce, 2004) based on mechanisms observed and determined in PFC3D (Itasca, 
2005) simulations, confirmed by physical model tests performed at the JKMRC (Power, 2004) and calibrated 
at various mine sites such as Henderson, Northparkes, Palabora and Cullinan (Pierce,2004). 

REBOP embodies the incremental evolution of IMZ (Isolated Movement Zone) and IEZ (Isolated Extraction 
Zone) for each drawpoint, those volumes being equivalent to, respective, the ellipsoid of loosening and 
ellipsoid of extraction in the conceptual model derived by Kvapil (1992), see Figure 1. The IMZ represents 
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the volume associated with material that has moved due to draw and the IEZ delineates the volume of 
material that has been drawn or extracted. 

In contrast to gravity flow simulation packages using fixed draw cone shapes (Figure 2.b), REBOP does not 
make assumptions about the geometry of the IMZs and IEZs. The shape of these three dimensional volumes 
evolves continuously (see Figure 2.a) as an iteration of quite simple micro rules applied in a timestep fashion 
that mimics production from the drawpoints on a daily basis. The equations of these micro rules govern the 
material flow from one horizontal layer to the underlying one by mechanisms such as collapsing arches at the 
top of an IMZ and erosion of material in the vertical walls between adjacent IMZs. 

 

Figure 1 Isolated Movement Zones (lighter outer volumes), Isolated Extraction Zones (darker 
inner volumes) in REBOP and the concept of ellipsoids according to Kvapil (1992). 

      

Figure 2 Evolving draw ellipsoids with increasing draw in REBOP vs empirical based methods. 

The overall objective of the REBOP simulation modelling is to be a practical tool for engineers for mining 
design and production control. This can be inferred from real case studies discussed in section 5 below. 
REBOP allows predictions of extracted ore grade or other caved rock properties in caving operations and 
offers visualisation of the movement and distribution of material above the drawpoints in three dimensions. 

3 Drawzones – Evolution And Influence On Design 
As shown in figure 1, the drawzones modelled in REBOP are the IMZs and the IEZs, both equally important 
in the study of gravity flow and drawpoint spacing optimisation. The IMZs indicate which material in the 
cave column has been affected by pulling adjacent drawpoints. The IEZs show the original location or 
volume of the drawn material and thus reflect the actual ore recovery at any particular draw stage. The IEZs 
are not as regular as the IMZs or as the extraction ellipsoids in Kvapil’s experiments since the REBOP 
models involve flow of non-spherical rock of potentially wide fragment size distributions. 

Figure 2 shows the dynamic or gradual evolution of these zones as more material is extracted from the 
drawpoints. This is an important difference with empirical derived drawzone estimates as those predict the 
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correct ultimate drawzone widths but often do not take into account the gradual growth of the drawzones. So, 
instead of incorporating the incremental growth of the drawzones both in horizontal and vertical directions, 
these methods normally predict grades based on slices within predefined draw cones of fixed widths as 
demonstrated in Figure 2.b. 

The growth of the ellipsoids is determined by various rock mass conditions, not all of which can be catered 
for in the current version of REBOP. Factors such as stresses, secondary fragmentation, water presence and 
recompaction could not be considered explicitly with Rebop at the date of writing this paper. However, 
important parameters such as fragmentation size distributions, frictional properties and bulking factors can 
be entered and the effects are demonstrated below. 

3.1 Critical parameters governing drawzone geometry / growth / evolution 
A few REBOP models were run with draw from a single drawpoint only to demonstrate the effect of the 
various parameters affecting the drawzone geometry. 

3.1.1 Fragmentation 

 

                 2m                    1m                      0.5m                0.2m 

Figure 3 Figure 3.3: Sensitivity of Fragmentation Size on Isolated Extraction Zone after 
extracting 3,150 tons. Decreasing numbers below the figures represent mean 
fragmentation size. 

It is clear from Figure 3 that the mean ore fragment size has a significant influence on the drawzones, the 
smaller ore sizes result in long and thin ellipsoids and the coarse fragmentation is associated with wide, 
shorter ellipsoids. 

3.1.2 Bulking Factor (porosity) 

Another very important parameter is the bulking factor of the caved rock mass. This is incorporated into 
REBOP by entering an initial rockmass porosity (often set to 0) and a maximum porosity value that can exist 
within the IMZ. 

The determination of bulking factors is a very difficult and contentious task as it is virtually impossible to 
measure in the cave. However, the effects are significant in that it influences cave propagation, subsidence 
extent and ore recovery, thus warranting a far greater effort in quantifying its magnitude and variability over 
the life of the cave. When considering draw, the bulking factor (porosity) effects the size and rate of growth 
of the IMZs, as observed in Figure 4 below. 
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            5%              15%             25%            35% 

Figure 4 Sensitivity of porosity on Isolated Extraction Zone after extracting 3,150 tons. 
Increasing numbers below the figures represent maximum porosity in the IMZ’s. 

3.1.3 Internal friction angle 

The angle of internal friction for the rock material also influences the geometry of the draw ellipsoids, 
particularly the lower portion of the ellipsoid. As shown in Figure 5, lower friction angles result in a much 
flatter draw cone leading to a wider IEZ. 

 
   15°  35°                55°  

Figure 5 Sensitivity of Internal angle of friction after extracting 3,150 tons. Increasing numbers 
below the figures represent increasing material friction angles. 

3.2 Influence on mine design  
From the discussions in section 3.1 it is clear that a good knowledge of rock mass properties is necessary to 
ensure reliable estimates of drawzone geometries. In its turn, knowledge of these ellipsoids and their 
evolution is absolutely critical for optimal mine design. Based on recent experiences it can be demonstrated 
that the lack of drawzone interaction may be responsible for over a 20% loss in recoverable reserve. 

Empirically derived guidelines by Laubscher (1994) for drawpoint spacing are based on observations that 
drawzones need to be spaced one and a half times the width of the isolated drawzone. If this rule is applied in 
combination with good draw control practice, Laubscher postulates that interactive draw occurs. What has 
not been specified by the empirical studies is for which stage in the draw process these drawzones need to 
interact. It is clear from figure 2 that the drawzones continuously evolve and, given reasonable drawpoint 
spacings, thus will interact at one stage or another. The question is when this needs to happen, the answer is 
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probably dictated by a financial analysis and an associated risk assessment. The analysis needs to evaluate 
the total cost, i.e. the operating costs (LHD’s, secondary breaking, etc) and the capital costs (drawpoint 
construction, variable support regimes). This cost should then be compared with discounted cashflow models 
that are dependant on the drawzone geometry and evolution, especially in highly variable grade orebodies.  

The risk assessment that needs to go hand in hand with the optimum NPV determined layout should not only 
focus on the reduced ore recoveries but also examine the cost-benefit trade off of constructing more 
drawpoints. For example, the cost of constructing a drawpoint could easily be offset by the extra ore 
recovered but it could result in less solid rock in the pillars between drawpoints, thus leading to increased 
primary and/or remedial support costs that could negate the gain achieved by higher ore recoveries. 

In general, closer drawpoints also mean closer spacings of undercut tunnels and in some cases even smaller 
tunnels, all of which have significant cost and productivity implications. Unfortunately the implications of 
closer drawpoint spacings tends to ‘fly in the face’ of the modern mass mining paradigm where productivity 
is mostly attributed to using large, automated mining equipment (all of which dictate the dimensions and 
layout of the mine). Nevertheless, to truly evaluate drawpoint spacings it is imperative that the evolution of 
drawzone size and shape is well understood and drawzone interaction is not simply assumed to occur from 
the onset, only then can the implications of drawpoint spacing be evaluated against both financial objectives 
(cash flow models subjected to NPV or Real Options) and geotechnical risks or constraints (ore recovery, 
dilution entry, fragmentation, stability). 

In summary, the drawpoint spacing determination must consider ore recoveries, stability on the working 
levels and financial implications thereof. 

4 Financial Implications of Widely Spaced drawpoints 
In this section, an attempt is made to demonstrate the financial implications of drawpoints spaced at varying 
distances. It is easy to conceive that drawpoints spaced close together will achieve good drawzone 
interaction and ultimately accomplish excellent recoveries following good draw control practices. The 
disadvantage of this layout is that it gives rise to small pillars that are more susceptible to damage and 
instability over the life of the mine and thus more likely to require a high level of support. 

The converse is where drawpoints are spaced very widely apart, resulting in late or no drawzone interaction, 
and hence poor ore recovery is unavoidable. A common justification for widely spaced drawpoints (other 
than coarse fragmentation) is to ensure pillar stability in less competent ground. This may be a valid 
argument for the undercut level, however (with the exception of a post-undercut) the extraction level pillars 
are typically only subject to part of the weight of the overlying ore column. If the drawzones interact and 
assuming adherence to sound draw control practices, these vertical stresses are continually redistributed and 
spread over the level. It is well known that in the case of widely spaced drawpoints with no drawzone 
interaction, the stagnant material between the drawzones consolidates and may act as a ‘stress conduit’ 
leading to point loading on the extraction level. Thus a potential consequence of designing large pillars is 
more frequent damage to the extraction level and ultimately this design could exacerbate the stability 
problems that it attempted to prevent. 

Thus the optimal drawpoint layout is constrained between ore recovery and the stability of the extraction and 
undercut level openings. It is Rio Tinto’s corporate objective to increase the wealth of its shareholders by 
maximising value, this is achieved by maximising the NPV of the expected incremental ungeared cash flows 
over the life of the project. However this is not necessarily the same objective as maximising the ore 
recovery as shown by ways of an example below. 

Consider a simplified block model as shown in Figure 6, where a high grade base is overlaid by a typical 
copper porphyry orebody with a central high grade core, the grade diminishing away from the centre. The 
geology also comprises of a lateral sill (zero grade) transecting midway through the orebody and top of the 
model is capped by finely fragmented waste material. 

Three different mining layouts have been evaluated using a REBOP and a simple NPV model. Plan views of 
the extraction level layouts are shown on the right side in Figure 6. In order to compare the layouts on equal 
footing, an identical equal draw production profile for the entire cave has been applied, meaning that within 
the same model all drawpoints mine the same amount of ore with the rate adjusted according to the actual 
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number of drawpoints in each model. Furthermore, to promote proper comparison, the footprint dimensions 
are identical for all three layouts, as indicated by the dotted rectangle on the plan views in Figure 6. 

The first layout (case A) consists of 4 lines with each three drawbells, representing a herringbone layout with 
tunnel spacing equal to 40m and drawpoint spacing of 15m. In Case B the tunnel spacing is reduced to 30m, 
resulting in 5 lines of drawbells and case C consists of 6 lines of drawbells with a tunnel spacing of 24m. 

 

Figure 6 Section through block model and different layouts evaluated. 

The resulting draw cones after 32 months of equal drawing are shown for the three different layouts in 
Figure 7 and it is clear that the total ore recovery for that production stage is better with decreasing 
drawpoint spacing. A direct comparison can be made between the three layouts as all three sections show a 
snapshot after the identical total tonnage is drawn from the cave. 

For NPV calculations, the following assumptions were made: a discount rate of 8%, a copper price of 2,5 
$/lb and a working cost of $10/ton. Note that no capital costs are included here. 

The NPV figures in Figure 8 do not show a difference as clear as the recovery plots in Figure 7. This is 
probably due to the diminishing value contribution of revenues occurring in the ‘far’ future (hence the bend 
in the curve). It could be argued that in order for the models to be fully comparable a constant draw per 
drawpoint should be applied rather than a constant draw for the entire layout as this will result in far greater 
NPV differences. It may seem that the few percentage points difference in NPV is fairly minor however it 
should be borne in mind that this is only a trivially small model, for large caves, particularly of the likes of 
the planned ‘super caves’ of the future, a few % equates to a significant contribution in value. 
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Figure 7 IEZ’s after 32 months of draw. 
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Figure 8 NPV profiles for 40 months of draw and relative rating of the three layouts. 

5 Consequences Of Widely Spaced Drawpoints 
There are numerous examples of caves that have suffered the deleterious effects of widely spaced 
drawpoints, however given that the consequences are indirect, not always obvious and always negative they 
are never reported and rarely investigated further. In general the actual fragmentation produced in most hard 
rock block caves seems to be finer than what is originally predicated and hence given that fragmentation has 
a direct correlation with drawzone size one can only conclude that drawpoint spacings are designed too far 
apart. However even if the secondary fragmentation could be accurately predicted there is still much debate 
over what fragmentation size to design for, particularly where the secondary fragmentation size distribution 
is fairly wide or bi-modal with the waste material often proving to be finer than the ore.  

REBOP simulations of caves, using observed drawpoint fragmentation as input, have clearly revealed that 
IMZ’s rarely interact across the major apex. A logical consequence of such isolated draw is the rapid vertical 
progression of the IMZ and subsequently rapid draw-down of overlying dilution.  

Where drawpoint spacings are designed for the average of the secondary fragmentation for the entire draw 
column then they will undoubtedly prove to be too widely spaced and inflexible to the risks associated with a 
finer fragmentation, namely the lack of drawzone interaction, rapid upward migration of the drawzones, 
early break-through and thus early dilution entry.  

In stress type caving it has been argued that once the rock mass has yielded it can be drawn, i.e. a drawzone 
can develop within this yielded material. If one follows this argument to its logical conclusion then it is 
reasonable to question the existence of a well defined cave back in a stress cave and thus plausible for 
drawzones to grow independently and advance rapidly upward in the yielded rock. This phenomenon will 

Case C: 100% 
Case B: 95% 
Case A: 92%
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result in the formation of a cave back that is located much higher than anticipated. The reason being that 
most of available models and tools assume immediate and complete interactive draw from the onset of 
production, with constant and thus static drawzone diameters often set equal to or larger than the area of the 
top of the drawbell mouth. The implications of a higher than anticipated cave back, especially in stress caves, 
are significant in cases where early breakthroughs could release sources of dilution prematurely. Even worse 
conditions are created where passage of the cave break-through causes a reduction of confinement at the toe 
of old pit slopes, inducing pit failures that can displace the upper regions of the ore body. 

6 Conclusions and Recommendations 
Widely spaced drawpoints that prevent or delay drawzone interaction often result in ore recovery losses 
through early dilution. When evaluating optimal drawzone spacings in the design phase it is imperative that 
the evolution of the drawzone size and shape be considered for several fragmentation probabilities and the 
probable risk of isolated draw quantified. 

Only once a reasonable understanding of the drawzone size and shape is achieved can the implications of the 
drawzone spacing be realistically evaluated. The following points serve to outline a suggested methodology:- 

1. Conduct sensitivity analyses on drawzone size and shape for (at a minimum) probable secondary 
fragmentation and cave swell factors. These two parameters are the most important in the flow 
modelling process. 

2. Derive a series of probable drawpoint spacings (layout designs) based on the results of the point 1.  

3. Conduct cave flow (eg. REBOP) modelling to evaluate the ore recoveries for each of the proposed 
layouts and consider the IMZ size, shape and rate of growth. In parallel, cave propagation (and 
subsidence) modelling should simulate cave production which considers both interactive draw and 
isolated draw cases as the two boundaries of the spectrum. 

4. The results from the cave propagation modelling may indicate rapid breakthrough, areas of uncaved 
ore or in the case of an overlying pit the displacement of the upper part of the ore body. Any of these 
cases require that the revised cave geometry be used to update the resource model followed by 
subsequent cave flow simulations. 

5. A financial evaluation of the cash flow model can then be conducted based on the results of the final 
cave flow simulations which now incorporate the consequences of the design choices. 

The ultimate objective of the drawpoint spacing analysis is not necessarily to guarantee drawzone 
interaction, but rather to ensure that the implications of any isolated draw are fully appreciated and properly 
evaluated when attempting to maximise the value of mining the deposit. 
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Abstract 
A review of practice in sublevel caving has been undertaken at five major sublevel caving mines, with the 
cooperation of management and staff at these mines. Areas of focus include major operational components 
which impact performance, including Mine Design, Drill and Blast, Production and Draw Control, 
Excavation Stability, Cavability, and Subsidence. Summary information on operating practices and the 
driving factors behind these practices is presented. Analysis of factors leading to high performance in 
sublevel caving operation is shown, and common challenges facing mines implementing this method are 
highlighted. It is concluded that sublevel caving is a very reliable mass mining method, where the level of 
success achieved relies on the well structured implementation of a range of technical and operational 
disciplines. 

1 Introduction 
Over the period of January – June 2007, five major sublevel caving operations were surveyed to benchmark 
modern sublevel caving practice. This work was supported by the Mass Mining Technology Project managed 
through the Bryan Centre within the Sustainable Minerals Institute at the University of Queensland. The aim 
of this exercise was to document operational sublevel caving (SLC) mines in a number of technical areas of 
importance to successful operation, with the intent to: 

• Provide a reference for available techniques and practices for SLC mines in both feasibility and 
operational stages; 

• Allow comparison and analysis of operational practices and their outcomes for general improvement 
in practice;  

• Provide historical perspective on the development of SLC, and a baseline for future reference; and 
• Highlight challenges faced by current mines, to focus future research and industrial development. 

The five mines visited, owned and operated by sponsors of the project are identified in Table 1. These 
represent a significant cross section of operational sublevel caving mines worldwide. 

Table 1 Mines surveyed for SLC Current Practice Project 

Mine Owner Location Primary Metals 
Mined 

Approx. Production 
rate (tonnes/day) 

Kiruna LKAB Sweden Iron 76,000  

Malmberget LKAB Sweden Iron 45,000 

Perseverance BHP Billiton Australia Nickel 5,000 

Ridgeway Newcrest Australia Gold/Copper 16,500 

Stobie CVRD Inco Canada Nickel 5,000 

This paper summarises some of the findings of the SLC current practice investigations, which were delivered 
in full detail to the Mass Mining Technology Project. Data here represents a snapshot in time, for the period 
January to June 2007. 
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2 Historical context 
Sublevel caving has evolved through improvements in technology from the original caving methods of 
mining first introduced to extract ore from very low strength orebodies. The top slicing mining method is 
considered as the first caving method of mining that closely resembled what is known today as sublevel 
caving. Ore was extracted from development headings in horizontal slices beginning from the top of the 
orebody resulting in 100% of the ore being extracted from heading development. Supports in development 
headings were progressively collapsed to induce caving of the overlying waste rock. Collapsed support 
material thus formed a barrier between the caved waste and the ore to be recovered in development headings 
in the next horizontal slice. The first development of sublevels occurred where it was possible through 
improved support to remove the equivalent of two horizontal slices from the one development heading. This 
was achieved by leaving a layer of ore between the floor of the extracted slice and the next level of 
development. This layer of ore was extracted from the development headings by allowing ore to cave into 
the development headings and be extracted during retreat. One of the first major applications of sublevel 
caving was in the early 1900’s in the underground extraction of the low strength iron ores in Minnesota and 
Michigan. 

Major changes were implemented in the mid 1900’s with advances in underground mine mechanization that 
enabled the method to be used in the high strength iron ores in Sweden. Improved drilling and blasting 
techniques allowed sublevel intervals to be increased and the relative amount of development to be further 
reduced to around 25% of the total ore extracted. The introduction of mechanized ore handling systems and 
trackless equipment allowed increased flexibility in extraction heading layouts. However these changes 
increased the potential for waste dilution and lower ore recoveries during ore production due to the reliance 
on gravity flow to move the ore, and some waste, to the drawpoints in the extraction headings. The most 
recent changes in drilling and blasting technology, as illustrated in Figure 1, have resulted in a substantial 
increase in sublevel intervals such that in some cases less than 10% of all ore is now removed through 
development.  

 

Figure 1 Changes in sublevel caving geometry at LKAB 1980 (left) and 2007 (right) - drilling 
indicative only. 

The following provides a brief description of the essential features of the sublevel caving system. Sublevel 
caving can be applied successfully in the absence of some of these characteristics, but their absence can lead 
to increased operational complexity. 

• Cavable overlying waste rock; 
• Relatively wide orebody footprint to promote caving; 
• Infrastructure placement to enable top down extraction sequence and delivery of ore to surface; 
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• Location of infrastructure outside the subsidence zone; 
• Ability to drill blast holes of the required length and precision between sublevels; 
• Maintenance of development headings to permit continuous production; 
• Relatively uniform orebody dipping at 45° or greater; 
• Ideally visually different ore and waste properties. 
• No need to transport fill into the mined out area; 
• Lower cost of production blasting compared to development costs. 
• Low grade “halo” so that waste dilution effects are minimized; and 
• Relatively strong orebody rock to minimize excavation support costs; 

3 Findings 

3.1 Mine design 
The fact that most SLC mines will modify their layout over their operational life indicates that initial layouts 
are rarely perfect; however as the difficulties and risks associated with operational layout change are 
significant, it is important that a mine’s initial layout is in keeping with the general mining strategy being 
pursued.  

Generally speaking there are two approaches to selecting layout dimensions, the cost and recovery 
approaches. The cost focussed approach (used for the mining of lower value ores), seeks to reduce cost as 
much as possible, where necessary at the expense of ore recovery. The recovery focussed approach (used for 
the mining of high value ores), seeks to maximize recovery, even though this may also increase cost.  

A mine operating according to a recovery focus during a time of depressed metal prices can miss economic 
opportunities, as can a mine operating using a cost focus during times of high metal prices. In an economic 
climate where metal prices can change by up to a factor of five over the life of a mine, change is sometimes 
required despite the best possible feasibility design.  

Figure 2 shows summary information on layout dimensions at the mines surveyed. This indicates that 
sublevel spacing is relatively consistent, ranging from 25m to 30m. The main layout variation is in 
production drive spacing, and most strongly influenced by underlying cost or recovery focus. Production 
drive spacings range from 14m at Ridgeway to 24.75m at Kiruna. This results in pillar widths at Kiruna more 
than twice those at Ridgeway, with significant operational and cost advantages. 

 

Figure 2 Layout data summary 
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The main drivers for choice of development size are geotechnical stability, equipment size and ore recovery. 
To increase production rate, mines generally prefer larger equipment, which requires increased development 
size. Wider drawpoints also produce increased draw widths to improve recovery, and reduce hang-up 
frequency which helps improve production rate. However if larger openings result in reduced geotechnical 
stability, production rate can decrease and development support cost can increase, therefore development 
drives must also be designed to promote stable production. Development profiles are also variable. Some 
mines favour arched drives to improve geotechnical stability, while others favour flat profile drives for 
improved draw width and recovery. In general, mines try to choose a development profile which balances 
these factors best within their specific geotechnical constraints. Production drive height across the mines 
surveyed ranged between 4.7m and 5.5m high (reflecting similarities in equipment technology). Production 
drive widths ranged from 5m at Perseverance to 7m at Kiruna reflecting local geotechnical conditions at 
these sites.  

The following summary observations were made on common challenges faced by the SLC mines in mine 
design and layout: 

• Either cost or recovery will dominate layout design. The choice of design strategy will have 
important implications for metal recovery and production rate; 

• Scheduling and placement of development on time and in the correct place is of particular 
importance to effective performance; 

• Layout change is likely to occur in large SLC mines, and is a difficult process to manage; 
• If layout change is required, all operational aspects should be considered in detailed planning before 

proceeding, including recovery, drill and blast, equipment capacity, and geotechnical implications; 
• Layout changes should be monitored and back analysed to determine whether they have improved 

business performance as expected, or the opposite; 

3.2 Drill and blast 
Decisions on SLC layout are essentially infrastructure decisions which are very costly to change once mine 
production begins. Conversely, most drill and blast expenses, in initial slot development, production rings 
and perimeter drive blasting, are operational and can be changed during the mine life to improve efficiency. 
These changes, and an array of influences such as permission to pre-charge and pre-prime blastholes, 
contributed to the many differences in drilling and blasting parameters at the SLC mines surveyed. 
Information derived from data on operational performance provided a sound basis for changes (e.g. 
fragmentation size, hang-up frequency, ore recovery etc.).  

Drill and blast design factors with potential to significantly impact operational performance include: 

• Drill hole diameter; 
• Maximum drill hole length; 
• Blast ring burden; 
• Number of holes per ring; 
• Inclination of lower holes in the ring; 
• Timing of ring drilling, loading and firing in relation to drawpoint production; 
• Drilling accuracy; 
• Ring charging and priming details e.g. powder factor; 
• Pre-charging of blast rings; 
• Pre-priming of blast rings; and 
• Brow stability. 

Figure 3 shows a summary of drilling inclinations at the mines surveyed. Ring inclination is relatively 
uniform at between 70° and 80° forward to the horizontal. Shoulder hole angle is more variable, ranging 
from 30° from the horizontal at Perseverance to more than 70° from the horizontal at Kiruna. Generally the 
greater the inclination on the shoulder hole, the more the ring shape will conform to the natural granular flow 
tendency of the broken rock. However higher shoulder hole inclinations extend the length of the length of the 
drill holes at the centre of the ring, and in poor ground conditions, long holes can be difficult to keep open, 
resulting in excessive redrills, and reduced blasting performance. 
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Figure 3 Summary of drilling inclination data 

Figure 4 shows data on explosive use for different drilling patterns used at the mines surveyed. This indicates 
that the mines with larger layouts such as Kiruna and Malmberget use more explosives in each ring fired, but 
have lower average powder factors, due to the larger ring tonnages. This is keeping with the cost design 
focus at these mines. 

 

Figure 4 Summary of explosives data 

The following summary observations were made on drill and blast practices at SLC mines surveyed: 

• Slotting techniques vary significantly from mine to mine; 
• Precharging is generally an important factor in improving production rate, and can deliver significant 

safety advantages; 
• Pre-loading and collar post-priming can deliver significant fragmentation and production 

disadvantages, due to the potential for dislocation on holes and inability to prime at more than one 
location in the explosive column. 

• Larger layouts with larger rings produce significantly drill and blast production efficiencies, as long 
as the technological challenges associated with them can be managed effectively. 

• Perimeter drives are generally located in waste, with associated benefits to production rate and 
stability outweighing the cost of waste development; 

• Production extraction in rings partially located in waste at the footwall depends on whether cost or 
recovery focus dominates. 
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3.3 Production and draw control 
Draw strategy and production management are extremely important in SLC operations because of the 
difficulty in accurately predicting and controlling the flow of fragmented ore and waste rock. Ideally they 
can be varied to adapt to changing operational situations i.e. non-ideal blasting results, unscheduled 
production incidents etc. Establishing draw strategies to accommodate these uncertainties requires many 
issues to be addressed that may be unique to each mining operation. Similarly flexible production 
management procedures need to be developed to account for inevitable variations that occur in implementing 
planned extraction from each and every drawpoint due to hang-ups, brow instability and inflow of waste. 

Effective draw control practice is reliant upon a sound understanding of fragmented material flow 
characteristics and the grade distribution within and around the orebody. The most common major objective 
of draw control planning is to maximize overall production rate and ore recovery with the minimum possible 
dilution. Achievement of this apparently simple objective can be seriously compromised by variability of 
material flow characteristics in individual drawpoints. This flow variability may be due to any number of 
operational factors, the major one being fragmentation variability.  

Current draw control practices generally aim to ensure the achievement of specified major period production 
targets related to tonnes and grade. This enables targeted metal tonnes to be met at a reasonable production 
cost. Monitoring of progressive production statistics allows operational changes to be made to accommodate 
departures from planned targets. Personnel responsible for such decisions must have a sound understanding 
of caving principles related to flow variability to ensure the best results. Controls should also be in place to 
ensure that mine production personnel, e.g. loader operators also are aware of these factors. 

Factors which influence the rate at which a mine can produce include:  

• Orebody geometry; 
• Geotechnical conditions; 
• Ore handling system capacity; 
• Equipment unit size, fleet size and mechanical condition; and  
• Fragmentation. 

As an assessment of performance, calculation of production tonnage can fail to account for the resources 
available to achieve this production and other orebody specific factors (e.g. size of orebody footprint, 
equipment and manning levels etc.) It is not uncommon for smaller tonnage operations to be more profitable 
than larger tonnage operations purely due to efficiency in metal production.  

Figure 5 shows comparisons of productivity at the mines surveyed in terms of tonnes per drawpoint per day. 
This indicates that the large scale tonnage focussed operations allow for significant advantages in 
throughput, even factoring for orebody size. The scale and life of these mines acts to their advantage, as large 
scale ore transportation systems can be installed to service the mines over a period of many years, while 
smaller mines cannot always justify the installation of such large scale systems. Other factors, such as 
geotechnical conditions and fragmentation also impact the ability of some mines to produce at these scales.  

Orebody grade is a key factor in calculation of cost per metal unit and profitability. However grade is not 
subject to operational practice, and therefore cost per metal unit can be a misleading measurement of 
comparative operational performance. Figure 6 shows a combination of productivity information collected in 
the survey. This attempts to balance the advantages some mines see in resource extraction against what other 
mines see in productivity and cost. It indicates that while the large scale, cost focussed mines tend to recover 
less of the in-situ ore than the recovery focussed mines, the rate and volume at which they produce allows 
them to produce relatively more metal over a given time period at a lower cost, giving them overall 
productivity advantages. 
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Figure 5 Key productivity parameters 

 

Figure 6 Calculation of grade conversion (combination of grade recovery and 
tonnes/drawpoint/day) 

An understanding of the flow properties of broken ore is of particular importance in caving mines. There are 
limited engineering controls available to ensure that all of the broken ore is recovered, and it is relatively 
simple for dilution to enter the drawpoint, displacing this ore. An added complication in the SLC 
environment is drill and blast effects, which can have a strong effect on flow behaviour. 

SLC miners must ensure that their production and draw control practices effectively channel ore to the 
drawpoints, deferring the entry of dilution where possible to maximise economic return. In order to better 
guide these practices, considerable research effort has been expended to better understand the flow properties 
of broken rock under SLC conditions. A considerable volume of published material exists on material flow. 
Much of this relates to physical models. However the most recent data obtained from the installation of in-
situ markers provides a much improved understanding of the consequences and risks to draw control plans 
which may rely on the assumption of ideal material flow. (Power 2004; Hollins and Tucker 2004; Gustafsson 
1998) 

The following summary observations were made on production and draw control practices at SLC mines 
surveyed: 

• Meeting development targets in the correct areas is a significant challenge for most SLC mines; 
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• Slowing rates of development to save costs in times of low metal prices can significantly affect 
production capacity when metal prices increase. This can in turn put significant pressure on draw 
control practice, with long term repercussions to dilution blanket condition and ore recovery; 

• Mines that do not track grade and reconcile on a purely tonnage basis generally do so due to their 
cost based focus. However when metal prices increase significantly, grade can become a significant 
factor, which the system hasn’t been set up to track or optimise; 

• Marker trials have consistently yielded draw widths between 8m and 12m, and indicated that 
interaction between extraction zones of adjacent drawpoints does not occur; 

• First entry of rock from outside an SLC ring generally occurs at approximately 20% draw, and can 
originate from the level above the fired ring, or from the previously fired ring if hang-ups occur; 

3.4 Excavation stability 
Excavation stability is critical to success in any underground mining operation. In SLC mines, it can affect 
almost every facet of the operation, including the ability to keep accesses open, the stability of drawpoints 
and important production infrastructure such as orepasses. It impacts the whole design approach for a mine, 
development stand-up times, the complexity of pre drilling and pre charging, the development cycle, and the 
rate at which metal can be extracted. Monitoring of support performance is important even in good ground 
conditions to ensure minimal disruption to all operations.  

Excavation stability is usually a function of the in-situ geotechnical conditions, mining layout, extraction 
sequence, and quality of the support techniques and practices used to control the ground. The flow on affect 
of poor stability can often be seen in high operational costs and lower production rate, and in the worst cases, 
impacts on safety performance. As some SLC operations extend to greater depths, geotechnical factors are 
influencing design layouts to the extent that changes to block caving are being considered. Ground support 
practice varies widely in the mines surveyed with bolting density ranging from approximately 2.2 to 15 bolts 
per metre of development. Figure 7, which shows examples of production drives from Ridgeway and 
Perseverance indicates why geotechnical conditions can have such a significant impact on SLC operations. 

 

Figure 7 Examples of production drive conditions at Ridgeway Mine (left) and Perseverance 
Mine 

3.5 Caving and subsidence 
Caving of rock above the orebody is an essential requirement for the safe and efficient operation of a 
sublevel caving operation. Most operations surveyed employed one or both of Laubscher’s caving chart and 
the Modified Mathews chart for the prediction of cavability. While these empirical charts can be useful in the 
assessment of the broad feasibility of a new cave, they do little to help with the management of the cave 
during its propagation phase. Management of cave propagation is an important factor, to properly balance the 
safety of the workforce and the economic objectives of the operation. Well structured cave management 
procedures are important in achieving these aims. The potential for air-blast, uncontrolled movement of 
ground, and water and fines movement are all factors which must be accounted for and controlled in cave 
management. 



 

 163

Most mines surveyed have multiple caves, and monitoring and tracking of these cave backs can be a difficult 
task. A majority of the mines surveyed were also currently propagating one or more blind caves (caves 
which had not yet broken to the surface).  

Some newer mines, with cave management plans and monitoring systems integrated with production control 
from the beginning of production, are able to track and manage their caves very effectively. Caves at other 
mines, which have developed and evolved over many years without a pre-planned monitoring and 
management system can be more difficult to track and control, especially in situations where monitoring 
equipment or technical staffing are at less than optimal levels.  

Understanding of cave propagation behaviour is still limited but the factors which are understood to most 
strongly influence cave propagation include the geotechnical and properties of the host rockmass, proximity 
of the undercut to a free surface, the geometry of the production levels and the rate at which production 
occurs from these levels. Information on geotechnical properties of the various domains within host 
rockmass is therefore essential for any reasonable attempt to manage cave propagation. A lack of this 
information, both can make it very difficult to manage the risks associated with cave propagation, therefore 
many sublevel caves expend considerable resources in this area.  

Ground movements induced by mining will normally extend laterally beyond the production footprint. Very 
large movements are generally identified as caving phenomenon, and result in the formation of subsidence 
craters. Prediction of the spatial extent and magnitude of this movement influences decisions on location of 
new infrastructure and the probable timing and possible detrimental effects on existing infrastructure.  

Most of the mines surveyed had challenges relating to the interaction between surface ground movement and 
infrastructure. Both Malmberget and Kiruna Mines are moving, or planning to move significant local city 
infrastructure as a result of mine induced subsidence. Perseverance mine has been forced to replace a major 
ventilation shaft, and is planning to move major mine office infrastructure. This indicates that the magnitude 
of the ultimate subsidence crater is often difficult to predict, particularly when infrastructure elements have 
developed before the extent of future sublevel caving mining is well understood. 

Although new prediction techniques are being developed, techniques for the prediction of subsidence limits 
and rates are currently an area of uncertainty for SLC mines, Existing prediction techniques require 
knowledge of the geology between the surface and the lower levels of the mining production areas, and must 
be continually re-assessed using data obtained by monitoring movements during progress of caving 
operations. Sequential development to newly explored areas of a mine can mean that consideration has to be 
given to replacement of existing surface and underground infrastructure adversely affected by subsidence 
induced through caving operations in the new production area. Previous information obtained from 
movement monitoring data reduces the risks attached to the timing and ultimate implementation of such 
major infrastructure decisions. 

Establishment of movement monitoring networks are essential in most sublevel caving operations. Important 
features to be considered in planning and establishing these surface and underground networks are the ease 
of access to the monitoring locations, frequency of measurement and movement sensitivity of the “sensors”. 
Monitoring of very large movements associated with caving require different techniques from monitoring of 
smaller movements that may still cause hazardous consequences such as damaging effects to mine access 
development, surface rail lines or power installations.  

Major geological structures also have a significant influence on subsidence limits. At Stobie and Kiruna 
mines, where the ore zones dip at angles which define footwall and hanging wall zones, major caving 
movements occur in the hanging wall with relatively small movements beyond the footwall extension of the 
orebody. Extensive monitoring of these mature mining operations has provided data that has been used to 
predict future subsidence limits. Important factors in defining predicted subsidence limits include: 

• Influence of structure on subsidence; 
• Quantifying links between cave propagation and subsidence; 
• Difficulty in prediction of appropriate exclusion zones (both spatially and temporally) 
• Collection of monitoring from an early stage to allow more effective predictions as subsidence 

becomes more critical later in the mine’s life. 
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3.6 Infrastructure 
Data obtained on significant infrastructure required to operate an SLC mine included the following: 

• Decline and/or shaft access; 
• Ventilation Shafts and fans; 
• Orepasses; 
• Crusher installation; 
• Ore handling system – shaft or conveyor; 
• Services Pump stations and water storage excavations; 

Orepass infrastructure is particularly significant to the efficient performance of SLC operations as they allow 
efficient transfer of ore from multiple operational levels to the ore handling system. As SLC is a top down 
mining method, and the ore handling system is generally located at the bottom of the mine, orepasses can see 
significant tonnages. Orepass failure can constrain production in an SLC Mine, and induce additional 
expense for remediation or replacement; therefore management of orepasses is important. 

Orepass enlargement was a difficult problem in all mines surveyed. This was particularly the case in some of 
the smaller mines, where pass numbers were limited. In such cases failure of even one pass can preclude 
effective ore-handling for entire levels, and place significant strain on the remainder of the system. In some 
cases orepasses can wear out to five times their original diameter, and pose a threat to accesses and other 
important infrastructure. 

Favoured orepass management strategies included use of grizzlies, monitoring to maintain full orepasses; 
excavation of larger, better supported passes located further away from the orebody, and support measures 
such as strand-lock dowel support systems and impact/abrasion resistant shotcrete.  

4 Conclusion 
Recent mining developments with a focus on mass mining technology provided the catalyst for this timely 
review of sublevel caving current practice. Detailed survey information collected from five major mines 
illustrated the many common challenges facing current sublevel caving operations. Comparative data 
summaries gave valuable insights into the interrelated importance of significant design and operational 
factors. These interrelationships emphasized the value of a carefully structured implementation of a range of 
technical and operational disciplines to the levels of mining efficiencies achieved. Although many 
operational variations were observed in the mines surveyed, due to differences such as orebody 
characteristics, ore type, market product etc, the data summaries and analyses from this study have provided 
a structure for positive communications between operations. This will assist investigations into solutions to 
current and future challenges to maintain sublevel caving as a safe and reliable mass mining option for many 
types of orebodies. 
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Abstract 
Conventionally, there are three main parameters that define dilution behaviour in panel cave mining: draw 
point layout geometry (draw point spacing), rock mass fragmentation and draw pattern. Depending on the 
ore body, mining geometry, and operational behaviour the underlying gravity flow can be classified as 
isolated draw, interactive draw or isolated-interactive draw. Draw point extraction back analysis was 
performed at Codelco mines aiming to determine the underlying gravity flow from dilution observations 
performed from 7 mines of the three mining Divisions that operate panel caving. The draw point database 
consisted of 5000 draw points and represented 365 Million tons drawn between 1996 and 2005. The draw 
point database was subdivided by draw point spacing; fragmentation and drawing behaviour, defining 21 
representative draw point clusters. These clusters were characterized by an empirical dilution curve and an 
underlying flow mechanism. For every curve, the dilution entry point and the percentage of full interaction 
was read. As a result of the study a design and operational guideline is proposed to attain interactive flow of 
panel caving in different rock masses subject to draw uniformity restrictions. 

1 Introduction  
The dilution behaviour in a Panel/Block cave mine is relevant since it defines mining recovery and ultimate 
economic return of a given mine design and production plan. Traditionally, the dilution behaviour in a Block 
and Panel cave mine has been computed using template mixings or volumetric algorithms as described by 
Laubscher (1994) and computer based algorithms as described by Diering (2000). The following chart shows 
a diagrammatic representation of how the volumetric algorithm would simulate mixing in a single draw 
column. It is seeing that when extracting slice 4 of the draw column dilution starts to enter the draw point. 
This point in the life of a draw point is called point of dilution entry (PDE) which Laubscher describes as a 
function of fragmentation characteristics, draw point spacing and drawing performance. Clearly, the 
geometry of the dilution curve shown below would dictate the average grade to be extracted and the ultimate 
mining reserves to be mined. 

 

Figure 1 Volumetric mixing algorithm  
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The method shown above consists of the volumetric mixing algorithm introduced first by Heslop and 
Laubscher (1982). This method still widely used in the mining industry to simulate the process of mixing as 
a result of the underlying gravity flow process in Block and Panel caving mines. A different algorithm that 
includes the differential vertical flow of fines has been introduced by Diering (2000) that is part of the PC-
BC Gemcom Block Cave suit. Also, some more sophisticated algorithms that integrate rock mass behaviour 
and the constitutive behaviour of particle interaction have been introduced by Pierce and Castro using 
particle flow codes and cellular automaton respectively. Nevertheless, it is rear to find calibration of these 
sophisticated algorithms and the actual dilution observations performed at the mine sites. Thus, mixing 
templates based on simple rules still valid as they can reconcile with the dilution curves presented in this 
paper. 

The following chart shows a simulation conducted in a single draw column in which three dilution models 
have been simulated in order to state the mining reserves for a given cut off grade. In these models the main 
parameter to define dilution behaviour is the percentage of dilution entry (PDE). This would characterize the 
point at which the first dilution shall be observed at the draw points.  

 

Figure 2 Diluted Columns for PDE=35%, 65% and 85% 

Based on a draw column of 100m of ore of 1% copper and an overlying column of 100m of waste of 0% 
copper the expected mixed grades at the draw point for the three mixing models presented above are shown 
below.  

 
Figure 3 Grade inside diluted Columns. 
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As a result of the above for a cut off grade of 0.7% copper the best height of draw (Hrecov), the mining 
recovery (% Rec), the average grade in the mineable column (Lm) and the copper content (Copper) are 
presented in the following table. Clearly it is shown that the impact of the dilution entry point has a 
tremendous implications on defining the mining reserves and the copper content which are the main 
parameters delineating the mining business. However it should be noted that these results are highly 
dependant on the cut off grade and also the ore body under analysis. The results would be quite different if 
the ore body had a constant grade without waste on top of the ore body, which is often found in porphyry 
copper deposits. Based on these results it is worthwhile analyse the dilution behaviour of Codelco mines to 
put all the elements regarding dilution behaviour under perspective, aiming to use these results to further 
calibrate mixing templates or particle flow codes in the process of stating Panel and Block cave mining 
reserves. 

Table 1 Column report for different dilution entry points at 0.7% Cu cut off grade 

@0.7COG Hrecov Hnom % Rec Lm Copper 
 (m) (m) (%) (%) (t) 

PED=35 75 100 75 0.91 68 
PED=65 85 100 85 0.96 81 
PED=85 95 100 95 0.98 93 

PED=100 100 100 100 1.00 100 

2 Background and theory 
Traditionally it is understood that dilution behaviour is the result of the underlying gravity flow process that 
takes place in the ore body that has been previously caved. The gravity flow is induced by the propagation of 
void through the broken ore that lies on the production level crown pillar. The fundamentals of gravity flow 
for panel caving currently used began with sand experiments performed by Marano (1980), Heslop and 
Laubscher (1981) performed at Shabaine mine at the beginning of 70’s. These experiments were performed 
in a three-dimensional model of 2400mm of height and a base of 760mm x 760mm. The firs experiment 
consists of several draw points spaced at 206 mm apart in which drawing is performed simultaneously. This 
experiment show that there are drawing zones formed of about 108 mm wide in which there is no interaction 
between draw zones. This mode of flow is often called isolated flow. The second experiment consists of 
several draw points spaced at 108 mm apart in which the drawing is performed simultaneously. This 
experiment shows that there is a uniform draw down of the draw column. This mode of flow is often called 
interactive flow. The third experiment consists of setting up the draw point spaced at 152 mm apart in which 
the drawing is performed simultaneously. This experiment shows that there is interactive draw with a large 
amount of mixing along the draw columns, i.e. fines segregation is observed along the draw column. This 
mode of flow is often called interactive flow. Finally the last experiment consists of performing uneven draw 
as draw points were drawn sequentially in a draw point layout spaced at 108 mm. The results of this 
experiment show that there is chimney and there was no interaction across the major apex. This mode of 
flow is often called isolated flow. The following diagram shows the fourth experiments performed by 
Marano (1980) 
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Figure 4 Gravity flow experiments (Marano, 1980) 

Susaeta (2004) reports results from a research project in which gravity flow experiments were performed in a 
1m x 1m x 2,4m sandbox physical model. The results of this research very much confirmed the results 
obtained by previous authors. Nevertheless, the author provides insights regarding the third case described 
by Heslop and Laubscher as interactive draw introducing the concept of Isolated-Interactive draw. In this 
new mode of flow Susaeta introduces the rate of drawing down differentiating the rate of flow of the draw 
point itself (vta) compared with the rate of the material overlying the major apex pillar (vti). The following 
diagram illustrates the concept.  
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Figure 5 Isolated Interactive flow model (Susaeta, 2004) 

The author describes flow modes as a function of the degree of interaction (Gi=vti/vta) which is the ratio 
between the interactive and isolated draw rate. Thus, if vta>vti would induce Isolated-Interactive flow or 
vta=vti would induce Interactive flow or vta>0 and vti=0 would induce Isolated flow. The following diagram 
shows the expected flow modes as a function of the degree of interaction.  

The author also states that the main underlying parameter to make the transition between interactive flow and 
Isolated – Interactive flow is the draw point drawing performance. The authors validates his hypothesis 
showing a relationship between the uniformity index behaviour over the life of a cluster of draw points and 
the degree of interaction measured from remaining reserves obtained from major apex core drilling. Based 
on these flow modes the author proposes three main models of dilution as shown below.  

 

Figure 6 Dilution models derived from the Isolated-Interactive flow mode 

The percentage of extraction where dilution appears, or in practical terms starts to grow, is called “Isolated 
Dilution Entry Point” (PEDZA). At the same time, the percentage of extraction where the dilution tendency 
changes its slope starting to increase after the PEDZA, is called “Interactive Dilution Entry Point” (PEDZI). 

As it has been shown by many Block and Panel cave researchers the underlying gravity flow that dictates the 
dilution behaviour is highly dependant on the draw performance at production level in a short time interval. 
Thus, in order to characterize the expected dilution behaviour one needs to account on how even or uneven 
draw points are going to be mined over time. Laubscher(2004) proposed the draw control factor, an index 
varying between 0 and 1 which is a linear function of the coefficient of variance of tonnages mined between 
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a draw point and its neighbours in a period of time of a week. A modification of this index was proposed by 
Susaeta (2004), who considers not only the relative tonnage drawn by the neighbouring draw points, but also 
the inactive draw points. The system allows evaluating each shift drawn tonnage per draw point associating it 
to a uniformity index.  

The uniformity index is computed as follows:  

∑
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Δ : Inactive number of draw point neighbours. 

Γ : Correction factor, 99/89. 

tepo: Extracted tonnage of the studied draw point. 

tepi: Extracted tonnage of neighbour i. 

tmax: Maximum extracted tonnage in the period taking into account all neighbours. 

tmin: Minimum extracted tonnage in the period taking into account all neighbours. 

n: Number of draw point neighbours, 7. 

As a result of the uniformity index calculation one could classify a given period of time, for example 3 shifts, 
as Uniform, Semi Uniform or Non Uniform as shown below. 

Table 2 Uniformity index table 

 [0-0.2) [0.2-0.4) [0.4-0.6) [0.6-0.8) [0.8-1)
0 Uni Uni Uni Semi Semi 
1 Uni Uni Semi Semi Semi 
2 Uni Semi Semi Semi Non 
3 Semi Semi Semi Non Non 
4 Semi Semi Non Non Non 
5 Non Non Non Non Non 
6 Non Non Non Non Non 

Then, the life cycle of a draw point could be characterized as a function of the percentage of the time that a 
draw point has been drawn non uniform or the amount of tonnage draw from a draw point that has been 
drawn uniform. All these indicators could assist mining engineers to characterize the drawing behaviour of a 
cluster of draw points and correlating this behaviour with measured mining recovery and dilution. This 
exercise was performed at Codelco mines aiming to find at different sites the dilution models presented 
before and perhaps infer on the flow modes present as a function of different rock masses as means of 
fragmentation, draw point spacing and drawing performance.  

3 Codelco Mines Back-Analysis  
In April 2006 Codelco Chile decided to prepare a guide to standardize the methodology to determine 
reserves for panel caving across the organization. In order to determine the mining reserves flow modes had 
to be stated for different rock mass fragmentation, draw point spacing and drawing performance. Since there 
is no a constitutive law that defines the Panel Block cave underlying gravity flow behaviour, the flow modes 
were inferred from dilution models fitted from empirical dilution observations collected over the years at El 
Salvador, Andina and El Teniente mines. The database used in the study is described below.  
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Table 3 Codelco Production Databases  

Mine Sector Years Extracted 
Tonnage 

Draw 
Points 

   [Mt] [#] 
Andina Parrillas, III P 1995-2006 61.3 733 
Andina LHD, III P 1997-2006 67.9 736 
Salvador ICW 2000-2005 14.6 294 
Salvador IN 1994-2006 55.2 566 
Teniente Teniente 4 1995-2006 68.1 501 
Teniente Qda. T. 1997-2006 46.4 1690 
Teniente Esmeralda 1997-2006 52 447 
Teniente Regimiento 1992-2006 48.1 245 

 Total  214.6 2638 

Codelco defines primary rock as a rock mass that lacks of discontinuities and shows a Laubscher Rock Mass 
Raiting (1989) greater than 70. Then, the rock mass fragmentation of a draw point was classified as 
Secondary, Mixed or Primary depending on the amount of primary rock present in the column. The 
definition of this fragmentation tags are defined as follows  

• Secondary rock column: 0-15% of the draw point column in situ model with Primary Rock. 

• Mixed rock column: 15-50% of the draw point column in situ model with Primary Rock. 

• Primary rock column: 50-100% of the draw point column in situ model with Primary Rock. 

Then, every draw point of the database is assigned a fragmentation tag based on the amount of primary rock 
present in the column. Also, every draw point has associated a mine layout that characterizes its draw point 

spacing. Finally, the drawing performance was characterized using the uniformity index proposed by Susaeta 
(2004) in which the time periods were three shifts and six neighbours. Thus, for every draw point and shift 
the uniformity index is computed using a computer application showing a uniformity index time series of a 

draw point or a cluster of draw points. Thus, for every shift a draw point is classified as uniform, semi 
uniform or non uniform according to the classification showed on table 1. Then an indicator of draw 

performance called CUI is computed as the percentage of tonnage drawn as uniform or semi uniform over 
the 100% tonnage extraction. The 100% tonnage extraction of a draw point is computed as the tonnage to 
reach the interface between insitu economic column and broken rock. For example the following selected 

draw points show their uniformity index in a period of time and the evolution of dilution over their life time. 
Based on the geometry of the curve PEDZA and PEDZI are assigned to the cluster and added to the analysis. 

.  

Figure 7 Uniformity index and dilution visualizer.  
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All the analysis were performed for individual draw points identifying clusters of draw point showing CUI in 
a given range. Also, the clusters of draw points were selected in such way that rock type and draw point 
spacing was the same for all draw points in the cluster. The following charts show some of the clusters 
analysed as part of the study. 

3.1 Empirical Dilution Models 
A cluster of draw points from the mine Esmeralda of El Teniente that is located in primary rock and a draw 
point layout of 15x17.2 shows the following dilution behaviour for different ranges of CUI.  

 

Figure 8 Esmeralda primary rock dilution behaviour, 15x17.2 layout. 

Figure 8 shows the observed dilution for draw points showing a CUI in the range of 40-80% and 80-100%, 
the number of draw points in the cluster are 43 and 208 respectively. It must be noted that the behaviour of 
this draw points are shown until 150% extraction (%E), nevertheless the draw points where selected by their 
CUI measured upto 100% of drawn. It is seeing in the graph that for primary ore there is a interactive draw 
behaviour for a LHD 15 x 17,2 m layout, where PEDZA is highly sensitive to the CUI range. 

Draw Columns of Andina-LHD sector are composed only of mixed rock. The diluted material is called 
“Rhyolite” which is a geologic marker, included as a fraction of the overburden material. The curve 
behaviour considering draw points with two CUI ranges are shown below. 

 

Figure 9 Mixed rock column dilution behaviour, 13x13 LHD Layout. 
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It is seeing again that a better uniformity of draw performance leads to a lower dilution entry, both in 
percentage of extraction and total dilution up to 100%E. The Pedza & Pedzi show interactive-isolated flow 
behaviour. 

Draw columns of Andina-Parrillas (grizzly) draw points are composed only of secondary rock according 
with the rock definition mentioned above. The diluted material is “Rhyolite” and the sector is characterized 
by four grizzly layouts: 9x9, 9.4x9, 9x11 and 9x11.3. Analysis was performed grouping data as it is shown in 
the following graphs considering uniformity analysis until the 100%E. 

 

Figure 10 Secondary rock dilution, 9x9 & 9.4x9 Grizzly Layout 

 

Figure 11 Secondary rock dilution, 9x11 & 9x11.3 Grizzly Layout 

3.3 Dilution Results Summary  
The summary of all the analyzed data is presented in Table 3, where the three draw function variables: 
geometry is defined by the Layout/Method, the fragmentation by the Rock column description (secondary, 
mixed and primary), and the draw uniformity by the Uniformity index (% uniform + semi uniform tonnage 
drawn of the column up to 100% extraction). The flow behaviour of each of the different cases is defined as 
Isolated Flow (Is), Interactive – Isolated Flow (I-I) and Interactive Flow (n), considering the shape of the 
dilution curve. The flow mode is also characterized by its dilution entry point for the isolated and interactive 
flow (Pedzi & Pedza). The number of draw points that belong to each of the different data clusters is also 
presented in the table. 
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Table 4 Summary of PEDZA and PEDZI for Selected Clusters 

Mine Sector Layout/Method Draw 
Points

Rock 
column CUI Pedza Pedzi Flow Mode 

    (mxm)  #   %U+S %E %E   
Andina Parrillas IIIP 9x9/grizzly 51 Sec. 0-53 24 70 I-I 
Andina Parrillas 9x9/grizzly 52 Sec. 53-69 42 70 I-I 
Andina Parrillas 9x9/grizzly 32 Sec. 69-79 36 75 I-I 
Andina Parrillas 9x9/grizzly 8 Sec. >79 38 83 I-I 
Andina Parrillas 9x9/grizzly 51 Mix 0-53 45 75 I-I 
Andina Parrillas 9x9/grizzly 18 Mix 53-69 50 76 I-I 
Andina Parrillas 9x9/grizzly 9 Mix 69-79 50 90 I-I 
Andina Parrillas 9x9/grizzly 2 Mix >79 65 95 I-I 
Andina Parrillas 9x11/grizzly 14 Sec. 0-53 12 35 I-I 
Andina Parrillas 9x11/grizzly 19 Sec. 53-69 15 50 I-I 
Andina Parrillas 9x11/grizzly 14 Sec. 69-79 40 60 I-I 
Andina Parrillas 9x11/grizzly 38 Sec. >79 52 68 I-I 
Andina LHD IIIP 13x13/LHD 35 Mix 53-69 32 67 I-I 
Andina LHD IIIP 13x13/LHD 65 Mix 69-79 41 73 I-I 
Andina LHD IIIP 13x13/LHD 75 Mix >79 71 91 I-I 

Salvador IN 13x13/LHD 17 Sec. >75 20 - Is 
Salvador IN 13x13/LHD 121 Mix >75 30 78 I-I 
Salvador IN 13x13/LHD 14 Prim >75 75 >100 In 
Salvador ICW 15x15/LHD 8 Mix >75 46 - Is 

Mine Sector Layout/Method Draw 
Points

Rock 
column CUI Pedza Pedzi Flow Mode 

    (mxm)  #   %U+S %E %E   
Salvador ICW 15x15/LHD 20 Prim >75 75 83 I-I 
Teniente Queb.T. 7.5x7.2/grizzly 667 Sec. 0-40 28 - Is 
Teniente Queb. T. 7.5x7.2/grizzly 72 Sec. >40 28 - I-I 
Teniente Queb. T. 7.5x7.2/grizzly 47 Mix 0-40 53 >100 In 
Teniente Esmeralda 15x17.2/LHD 43 Prim 40-80 33 43 I-I 
Teniente Esmeralda 15x17.2/LHD 208 Prim >80 46 70 I-I 
Teniente Teniente 4 15x17.2/LHD 62 Mix <40%* 18 - Is 
Teniente Teniente 4 15x17.2/LHD 137 Prim <40%* 28 >100 I-I 
In : Interactive Flow, I-I : Interactive – Isolated Flow, Is: Isolated Flow 

The chart below shows PEDZA versus CUI for Andina Grizzly sector shows the effect of draw point spacing 
and CUI in regards to the percentage dilution entry point defined in this study as PEDZA. This chart outlines 
and confirms the Isolated-Interactive draw theory in which for a fully interactive draw point spacing layout 
the influence of draw performance decreases as shown for 9x9 draw point layout. Different behaviour is 
observed for the Isolated-Interactive flow induced by a draw point layout of 9x11 in which the CUI is highly 
significant the moment of analysing dilution behaviour.  
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Figure 12 Secondary rock dilution, 9x11 & 9x11.3 Grizzly Layout 

4 Proposed design table as per flow behaviour 
Considering the results showed before and selecting those clusters of draw points showing a CUI greater 
than 80%, rock mass and draw point layout are correlated with the inferred flow mode in order to establish a 
design guideline for the future Block/Panel cave mines of Codelco Chile. The following table summarizes 
these results. 

Table 5 Design table as per flow mode for uniform draw (CUI>80%) 

Layout Rock Column (In Situ) 
  Secondary Mixed Primary 
15x17.2/LHD Is Is Is Is I-I I-I 
15x15/LHD Is Is Is Is I-I I-I 
13x13/LHD Is Is I-I I-I In In 
9x9/Grizzly I-I I-I I-I I-I   
7.5x7.2/Grizzly I-I I-I In In   
In : Interactive Flow, I-I : Interactive – Isolated Flow, Is: Isolated Flow 

It is interesting to note based on the results shown above that the overall trend for a dilution perspective is to 
reinforce the use of close spaced layout draw points. There is a no an easy answer to whether or not a Block 
and Panel cave operation should minimize the amount of dilution. It would depend on the ore body and grade 
distribution across the ore body. There are some other considerations to include in the analysis as layout 
productivity, fragmentation, development cost, ore body characteristics. The optimal draw point layout 
should obey to a comprehensive analysis that includes all these aspects of the mine design. It is aimed that 
the table presented above could support the dilution analysis related to the decision of draw point spacing. 

5 Conclusions 
The dilution curves constructed for Codelco mines presented in this paper follow the dilution models 
proposed by the Isolated Interactive flow theory. It is inferred that all the three modes of flow are present at 
Codelco mines the different modes unfold for different draw point layout and fragmentation.  

It was shown that the draw performance has a tremendous effect on the dilution behaviour of a draw point. In 
particular when draw point spacing has been designed in such a way that interaction is minimal the relevance 
of even draw is crucial to achieve Isolated Interactive flow.  

For a mixed rock mass the recommended draw point spacing is 13m to achieve Isolated Interactive draw 
with performing even draw. For primary rock the draw point spacing should be at the most 15m to achieve 
Isolated Interactive flow. . Several operations around the world will be looking at Block or Panel cave 
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designs for their ore bodies that are in the range of mixed and primary rock. The tendency to use wider draw 
point spacing could eventually affect the dilution behaviour and the overall mining reserves.  

It is interesting to note based on the results shown above that the overall trend for a dilution perspective is to 
reinforce the use of close spaced layout draw points. This result goes against the industry trend of using 
widely spaced layout in order to achieve higher productivity and more reliable rock mechanic design. 
Nevertheless, it is highly important to review the basics of mine design that must be founded in the ore body 
characteristics and geological setting rather than quick and incomplete economic return. The sustainability of 
block and panel cave operations would force the industry to look at methods that could enhance the way how 
dilution behaves within the mining and metallurgical processes in order to optimize energy consumption. 
Yet, it is believe that in years to come must attention shall be addressed over dilution behaviour disregarding 
too much attention over economic return could not only jeopardize the life of a mine but also create a non 
recoverable sank of energy.  
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Abstract 
Andina business plan encompasses mining operations at pit of the reserves located in the Blanco River area, 
that is, at current III Panel site, by removing the material inside the subsidence crater. Therefore, it is 
critical to identify remaining reserves resulting from successive underground block caving mining, obtaining 
an estimation of the spatial distribution of the broken material that has not been mined by past mining 
operations, which translates into better knowledge of the deposit and allows for the generation of reserves 
with a lower uncertainty level. 

Block caving mining has been carried out in División Andina for more than 37 years, and so the estimation 
of the broken material remaining from past mining operations is a work that requires a lot of information 
and adequate criteria allowing to obtain consistent results. 

Identification of remaining broken material is relevant for División Andina’s long-term mining plans, since it 
considers mining of reserves remaining from underground mining operations. 

This paper contains the methodology to estimate the remaining broken material, by using the following as 
base information: past mining operations, in situ block model, basal sheathing and subsidence generated by 
mining operations, as well as the use of balance criteria of materials and swelling factor, and mining 
operations that have mined or deposited material into the cavity) 

1 Introduction 
División Andina is located in the 5th Region of Chile and belong to Codelco, División Andina operates 
Blanco River field, which richness of natural resources has been known since 1920. But the attempts to start 
its exploitation only began 50 years later, in 1970. 

 

Figure 1 Location of División Andina 
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División Andina’s business plan encompasses open pit mining of the reserves located in the Blanco River 
area, which requires access to the crater of the existing underground mine to remove all remaining material 
from III Panel mining operations. Therefore, División Andina must create predictive models of the material 
contained inside the subsidence crater at the end of III Panel mining operations to provide the best 
projections as to quantity, quality and distribution of remaining reserves inside the crater.  

The product of the estimation is a block model where interest elements and Panel III remaining materials 
density are characterized. 

2 Problems 
Estimation of remaining broken material involves the following problems: 

3 Methodology 
The process for creating the model for the remaining broken materials is as follows. There are different 
variables to be estimated, the work has to be done in four (4) main stages, which are: collection of the 
productive block mining geometric information, the analysis of past production information of productive 
blocks, determination of broken material average density and generation of remaining material model in PC-
BC. 

3.1 Collection of geometric information. 
The following information must be collected for the purposes of geometrically delimitating panel mining: 

Generated mining points were grouped in Panel I, Panel II and Panel III 2006 and 2018, which have 
a different cave levels that need mining routines for each panel. Cave level coordinates are as 
follows: 

• División Andina’s past block caving mining considers mining of three panels, located at different 
levels, due to the depth of the deposit mining. Therefore, estimation of broken material of upper 
levels affects the results of lower levels. 

• The database of past production of División Andina’s old panels is not supported at mining point 
level, but per productive block and monthly periods. 

• Only subsidence on the topography of Old Panels is placed on record. 

• There are changes in the topography due to exploitation of pits adjacent to Panel III. 

• There is material spilling to Panel III cavity. 

• Mining points of mined panels and panels being mined: When generating the mining points of the 
already mined areas, contour points must be created. For such purpose, the subsidence sheathing 
limit of each panel was taken into account. (The contour points are supporting points to dump broken 
material into the cavity by means of the toppling mixing algorithm.) 

o Panel I: Cave level 3647 m 

o Panel II: Cave level 3500 m 

o Panel III: Cave level: LHD 3248 m and Parrilla 3221 m 

• Subsidence limits and modelling of subsidence sheathings: this information is essential to determine 
the rock area affected by the mining operation. 

• Surface topographies per periods: this information is collected for the purposes of determining the 
changes in the surface due to block caving mining and surface mining operations affecting remaining 
material. 
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3.2 Analysis of past production information. 
For the production analysis of mined blocks we worked with information in Excel format, and standardized 
drawings with existing names in monthly production. Also, dynamic tables were created to cluster 
information per productive block and monthly period, thus obtaining a global overview of the mining 
operation in Panels I and II. This stage was not necessary for Panel III because the information was 
supported on the mining points. 

It must be noted that the past information of old panels had to be taken from old paper records, so División 
Andina had a hard work collecting and validating it. 

3.3 Determination of average density of remaining broken material 
Determination of broken material average density was made by using a mass balance within the analysis 
cavity. For that purpose, we took into account the tonnage of the initial situation, the tonnage of the final 
situation, within the studied panel and past tonnage obtained for the studied panel. 

The following mass balance must be met: 

Tonnage Initial = Tonnage Past mined + Tonnage Final 

Initial tonnage is obtained from the cubing of the in situ model within the studied panel cavity sheathing and 
past tonnage is obtained from the past production database, so these tonnages are known data. 

The final tonnage may be obtained by solving the above equation, as well as by cubing the blocks that are 
between the surface of the cavity sheathing of the studied Panel and the crater topography at the end year of 
extraction of such panel, we determined the broken material volume, so by solving the equation we obtained 
the average density of the remaining broken material. That is: 

Tonnage Initial = Tonnage Past mined +  Volume Final * Density Final 

Density Final = (Tonnage Initial – Tonnage Past mined)/ Volume Final 

3.4 Generation of the remaining material model in PC-BC 
PC-BC is a robust system designed specifically for the planning and scheduling of block cave mines. Is has 
been developed over the course of more than 18 years.  

The creation of the remaining material model in PC-BC was carried out in four (4) stages: 

• Preparation of files to obtain past tonnage. 
• Generation of past mining operations of the points by using PC-BC for different mixing parameters. 
• Selection of mixing model that best represents history. 
• Estimation of the block model by using the remaining material column of that mixing. 

3.4.1  Generation of files to obtain past extraction. 
The file generation stage took into account the following considerations: 

• The monthly production per productive block information was used. 

• As we count on detailed information per productive block for panels I and II, it was determined that 
extraction points belonging to a production block produce the same tonnage in one month. 

That is: 

Ton month i P.E. block j = Ton month i block j / P.E. number Block j 

Where: 

Ton month i P.E. block j = Tonnage of month i of productive block j extraction points  

Ton month i block j  = Tonnage of month i of productive block j 

P.E. number Block j = Tonnage of productive block i extraction points  
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• The monthly information per extraction point was clustered on a quarterly basis. 

• A spreadsheet was prepared for each panel, which details the past extraction per extraction point. 
Such information is loaded to PC-BC through Bucket. A Bucket is a data base table that stores data 
associated to Draw Points, such as tonnage, laws, economic value, etc. 

3.4.2  Generation of extraction by using PC-BC 
The generation of past extraction by using PC-BC required the definition of the following general 
parameters:  

• Default broken material density, calculated for each Panel. 

• Swelling factor 

• Different mixing scenarios were set (interaction height and mixing cycles) 

• The extraction of all levels was made by using toppling and sequential mixing. 

• Toppling angle for 20º broken material and 30º in situ material 

• The shape of the cones of Panels I and II extraction points was made in order to produce an 
interaction between extraction points. In the case of Panel III the shape defined in existing projects 
of División Andina were used. 

3.4.3  Selection of mixing parameters 
To determine the mixing parameters of each productive block of Panels I and II, different mixing scenarios 
were created. Based on these scenarios the historical extraction was modelled and the mixing parameters that 
minimize the difference between the past and modelled metal copper content, per productive block, were 
selected. Such mixing per productive block parameters was grouped in the last mixing scenario. 

Mixing parameters defined by División Andina were used for Panel III.  

The remaining column model left after past extraction was used to estimate the remaining broken material 
block model for each panel. 

3.4.4  Estimation of the block model by using the remaining material column 
For the estimation of the remaining block model of each Panel, information from the remaining material 
column model of the modelled past extraction was used and the remaining block model was estimated by 
using this information and interpolating with the inverse squared distance. 

In the in situ block model, the area over this cavity was selected in order to set it up and assign it remaining 
material blocks that have already been estimated. 

This operation was conducted for Panels I, II and III and the block model resulting from the past extraction 
of Panel I was used as broken material model for the past extraction of Panel II and the resulting model is the 
remaining material block model of Panel II, used to carry out the past extraction of Panel III. 

Past extraction of Panel III was carried out in two periods (1995-2006 y 2007-2018) because in 2006, 68 
Mton of spillover material from Donoso Open Pit and Open Pit Don Luis’s Phase 4 were dumped into the 
crater. Donoso and Don Luis Open Pit are neighbor of Underground mine Panel III. 
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4 Results 
The main result of this work is the remaining broken material blocks of Panel III resulting from the long-
term planned exploitation, i.e., through 2018. 

To obtain this product, the percentage difference of the metal copper content of each productive block to be 
mined was considered and the mixing model that provides for the least deviation regarding actual metal 
copper obtained was selected.  

The average density and the swelling factor of the remaining broken material had to be determined for Panels 
II and III. The average density and swelling factor of Panel II was assumed for Panel I. 

4.1 Panel II average density (1995) 
We count on the topographic information at the beginning of the mining operations and up to 1995, together 
with the modelled cavity and mining operations past information. We determined initial and final tonnages 
of the extraction process, calculated the broken material final volume and solved the following equation to 
obtain broken material average density. 

Density Final = (Tonnage Initial – Tonnage Past mined)/ Volume Final 

 

 

Figure 2 Panell II average density  

Average density of broken material for Panels I and II is 2.234 ton/m3 and the swelling factor is 1.2 

4.3 Panel III average density (March 2006) 
For the purposes of determining the average density of Panel III to 2006, we had to include first the 
topography of 1995, with the topography of the movement of Donoso pit through April 2007. This resulting 
topography was used to define the initial situation of Panel III. 

With this incorporated topography, we count on the topographic information at the beginning of the mining 
operations of Panel III and up to December 2006, together with the modelled cavity and past mining 
operations information. We determined initial and final tonnages of the extraction process and calculated the 
broken material final volume. 

It must be noted that due to the surface integration criteria and generation of subsidence sheathing to 
December 2006, División Andina estimated that there are 20 million tons that should not be considered 
within this balance, to determine the broken material density. 

Inicial Ton 244,615,392      ton
Past Ton 116,489,070      ton
Remaining Ton 128,126,322      ton

Remaining Vo 57,355,200        m3

Remaining Dens 2.234 ton/m3

Swelling 1.2
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Initial Ton 365,215,241 ton
Past Ton 143,222,311 ton
Filling Ton (Dec 2006) 31,253,642   ton
Tonnage not to be considered 20,000,000   ton
Remaining Ton 233,246,572 ton

Remaining Vol 105,451,200 m3

Remaining Dens 2.21 ton/m3

Initial Dens 2.542 ton/m3

Swelling 1.150

 

Figure 3 Panell III average density  

Average density of broken material for Panel III is estimated to be 2.21 ton/m3 and the swelling factor is 
1.15 

4.4 Panel I extraction results 
Mixing parameters that consider an interaction height per productive block (HIZ) and 3 mixing cycles were 
selected. The interaction height was determined based on the previous scenarios, so as to minimize the 
difference between past and modelled metal copper content per productive block. This mixing model has a 
global metal copper difference of 6.75% and, in addition to minimizing the difference of metal copper per 
productive block, it is the one that provides for the slightest metal global difference. 

Table 1 Panel I extraction statistics  

Past Modelo Metal % Metal
metal metal difference difference

Interaction height 50
and 3 mixing cycles 809,265   731,704   77,560       9.58%

Interaction Height 75
and 3 mixing cycles 809,265   730,752   78,513       9.70%

Interaction height 100
and 3 mixing cycles 809,265   730,059   79,206       9.79%

Interaction height 125
and 3 mixing cycles 809,265   729,583   79,682       9.85%

Interaction height 150
and 3 mixing cycles 809,265   729,542   79,722       9.85%

Interaction height HIZ
and 3 mixing cycles 809,265   754,654   54,611       6.75%

Scenario

 
The following chart shows, per productive block, the comparison between past and modelled global metal 
copper extraction. It is noted that there are productive blocks with major differences (D-16, E-14, E-15, E-
16, E-17, EF-18, F-13, G-14, G-16, H-18); however, the other blocks have very good behaviour. 
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Figure 4 Comparison between past and modelled global metal copper extraction, I Panel  

4.5 Panel II extraction results 
Mixing parameters that consider an interaction height per productive block (HIZ) and 3 mixing cycles were 
selected. Interaction height was determined based on previous scenarios, so as to minimize the difference 
between past and modelled metal copper content. This mixing model has a global metal difference of 5.12% 
and it minimizes the difference of metal copper content per productive block. 

Table 2 Panel II extraction statistics  
Past Model Metal % Metal

metal metal difference difference
Interaction height 50
and 3 mixing cycles 759,383  730,120     29,263    3.85%
Interaction height 75
and 3 mixing cycles 759,383  725,242     34,141    4.50%

Interaction height 100
and 3 mixing cycles 759,383  720,076     39,307    5.18%

Interaction height 125
and 3 mixing cycles 759,383  713,943     45,440    5.98%

Interaction height 150
and 3 mixing cycles 759,383  710,252     49,130    6.47%

Interaction height HIZ
and 3 mixing cycles 759,383  720,539     38,844    5.12%

Scenario

 
The following chart shows, per productive block, the comparison between past and modelled global metal 
copper extraction. It is noted that there are productive blocks with major differences (D-14, D15, E-15, E16, 
F-14, G11); however, the other blocks have very good behaviour.  

 

Figure 5 Comparison between past and modelled global metal copper extraction, II Panel  
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Following is a comparison of the actual topography by 1995 and the modelled extraction to the same period, 
where it can be noted that modelling of remaining material consistently reproduces the actual topography. 

  

Figure 6 1995 topography and modelled extraction to 1995 

4.6 Panel III extraction results 
Modelling of Panel III past extraction was carried out in three stages. The first one was the extraction since 
the beginning of the production until 2006, the second one was to add spillover material at the end of 2006 
and the third one was the extraction of 2007 through 2018 because it was necessary to add the material and 
the problem was simplified by assuming the latter enters into the cavity in 2006. 

The following charts show tonnage, Cu metal and Cu average grade per period and productive block, for the 
1995-2006 period. It must be noted that this information was generated by considering the official mixing 
parameters of División Andina. 

  

 

Figure 7 Tonnage, Cu metal and Cu Average grade per period (1995-2006) 
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Spillover material to be added after 2006 corresponds to 23.1 Mtons of Donoso Pit and 44.9 Mtons of Open 
Pit Don Luis’s Phase-4, and their characteristics are shown below: 

Table 3 Average Grade of Spillover material to be added after 2006 
Atribute Donoso Pit Phase 4
Cu 0.164 0.36
Mo      0.002 0.004
As       0.009 0.009
Pb       0.006 0.002
Wi       16.7 13
Rec     87% 65%.
Density 2 2  

The spillover material distribution at the end of 2006 is shown below. 

 

Figure 8 Spillover material distribution at the end of 2006 

The following charts show tonnage, Cu content and Cu average grade per period and productive block, for 
the 2007-2018 period. It must be noted that this information was generated by considering the official mixing 
parameters of División Andina. 

  

 

Figure 9 Tonnage, Cu metal and Cu Average grade per period (2006-2018) 

Open Pit Don 
Luis’s Phase-4 

Donoso 
Open Pit

Broken 
material
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4.7 Remaining material model cubing. 
The remaining broken material model cubing resulting from the extraction modelling planned up to the year 
2018 is 466.7 Mton with an average Cu grade of 0.52%. To obtain this result, balances were made for each 
Panel for the purposes of verifying the differences between tonnage and extraction grade modelled by the 
system. 

The grade tonnage curve and Cu tendencies of the broken material model are: 

  

  

Figure 10 Grade tonnage curve and cu tendencies of the broken material model 

Balances taking into account the extraction modelled for panels are: 

Table 4 Panel I modelled extraction balance 
# Blocks Aver. Dens Ton Cu Metal

In Situ model (1) 10352 2.692 100,323,302      1.102 1,129,799     
Estimated remaining model(2) 5722 2.234 46,018,613        0.786 361,706        
Past Extration, modeled PCBC (3) 54291728 1.390 754,654        
Remaining balance (4) 46,031,574        0.815 375,146        
% Difference (4) -(2) 0.03% 3.58%  
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Table 5 Panel II modelled extraction balance  
# Blocks Aver. Dens Ton Cu Metal

In Situ model (1) 20730 2.553 190,490,252       0.839 1,598,213        
Estimated remaining model (2) 15932 2.234 128,131,517       0.672 861,044           
Past extraction, modeled PC-PC (3) 62,196,724         1.158 720,538           
Remaining balance
In Situ model - Past extraction (4) 128,293,528       0.684 877,675           

% Difference (4) -(2) 0.13% 1.89%  

Table 6 Panel III modelled extraction balance up to 2006 
# Blocks Aver. Dens Ton Cu Metal

In Situ model(1) 39909 2.541925957 365204602.8 0.881 3217420.806
Estimated remaining model (2) 27910 2.21 222,051,960        0.717 1,592,113        
Past extraction, modeld PC-BC (3) 143,222,309        1.115 1,596,781        
Remaining balance
In Situ model - Past extraction(4) 221,982,294        0.730 1,620,639        

% difference (4) -(2) -0.03% 1.76%  

Table 7 Panel III modelled extraction balance up to 2018 
# Blocks Aver. Dens Ton Cu Metal

In Situ model (1) 72421 2.369 617,718,467       0.6264 3,869,693      
Estimated remaining model (2) 58658 2.21 466,683,048       0.519 2,422,085      
Past Extraction, modeled PCBC (3) 151,026,951       0.937 1,415,623      
Remaining Balance
In Situ model - Past extraction (4) 466,691,516       0.526 2,454,070      

% Diffrence (4) -(2) 0.00% 1.30%  

5 Conclusions 
The remaining broken material model cubing estimated when modelling the extraction planned up to the year 
2018 is 466.6 Mton with an average Cu grade of 0.52%. 

Zoning is observed in the estimated block model with higher Copper grades. 

When considering the uniform draught of the points within a same block causes an underestimation of the 
modelled extracted grade, so it is recommended to generate an extraction of panels I and II focusing on the 
enhancement of Cu grade, subject to past operational restrictions. 

In order to have a detail of the broken material density, it is recommended that the control parameter be the 
swelling factor. 

When modelling spillover material, and assuming that it is incorporated at the end of 2006, less mixing is 
obtained inside the cavity, so it is recommended that this filling material be modelled period to period. 
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6 New Challenges 
With the results obtained from this work, new challenges are as follows: 

To develop a module inside the PC-BC for the estimation of broken material, considering the automation of 
processes, as well as improvements in production handling per period, topographic changes per period 
encompassing surface mining operations and spillover material dumped into the crater. 

To use the new PC-BC template mixing that has significant advantages in the modelling of remaining broken 
material.  

To work in the detail information of topographic changes and in the modelling of the subsidence sheathing 
per period in order to obtain broken material models for different periods, This is essential for the planning 
of the future pit. 

To use other mining criteria for old panels, for instance, an enhancing criterion, subject to operational 
restriction.  
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Abstract 
Undercutting and production at the Deep Ore Zone (DOZ) block cave mine of PT Freeport Indonesia (PTFI) 
commenced in 2000 in the poor ground areas in the middle of Panels 13, 14 and 15 and progressed towards 
the stiffer ground in the East DOZ. In early 2003 some drawpoints in the soft ground in Panel 15 squeezed 
progressively due to stoppage of mucking for four consecutive days. Damage in the form of cracks, slabbing 
of concrete at the walls and back, floor heave and bent steel supports were observed within the drawpoints 
and along the drifts. Minor repair was undertaken in the damaged areas and the mucking rate from the 
affected drawpoints was increased to arrest the progress of damage. After about 6 months, the panel drift 
collapsed in the mid-2003. Since the drawpoints still contained 15% to 30% of the theoretical reserve and in 
order to keep the materials in the cave moving, PTFI decided to use pillar recovery methods on both sides of 
collapsed area.  

Between the end of 2003 and early 2005, panel collapses continued in the poor ground areas in the DOZ in 
Panels 13, 14, 16 and 17, which also had substantial remaining reserves. Successive experiences in these 
areas have increased the knowledge about the safe operational procedures, geotechnical risks and the 
economic benefits of pillar recovery operations, leading to the successful recovery of almost 90% of the 
reserve in Panel 11, which started experiencing ground stability issues in the end of 2006. This paper details 
the geotechnical evaluation of the pillar recovery areas and the procedures followed for the safe, efficient 
and cost effective recovery of ore from these areas. 

1 Introduction 
The Deep Ore Zone (DOZ) is the third lift of the block cave mine that has been operated by PT Freeport 
Indonesia since 1980. Operated since 2000, DOZ has produced about 17 million tonnes of ore with 0.89% 
Cu and 0.61 ppm Au. The production rate in late 2007 was about 58,000 tonnes dry metric tonnes per day. 
The production is being ramped up to 80,000 tonnes per day by the end of 2009. 

The DOZ production level lies about 1,200 meters below the surface at the 3126 level, with column heights 
up to 500 meters. The undercut level is at the 3146 level, 20 meters above the extraction level. The caved 
zones of the DOZ and the overlying GBT and IOZ mines have merged and have breached to the surface at 
about the 3,900 metre elevation (Sahupala et al, 2007). 

Undercutting was initiated in the central section of the DOZ mine in Panel 13 of the East DOZ which was 
the weakest zone and therefore the most suitable area for caving. The DOZ cave was advanced to the east to 
reduce impact of the DOZ caving on the operations of the then still-operating IOZ block cave mine which 
was an overlying lift until IOZ was exhausted in 2004. The caving was then advanced towards the west from 
Panel 12. 

Pillar recovery (“pillar robbing”) at the DOZ extraction level elevation was completed for the first time in 
July 2003 after heavy damage in panel 15 did not allow extraction of the ore from the drawpoints. Additional 
ground support and extra steel sets had been installed to reinforce the ground but the progress of damage 
spread over adjacent drawpoints and also to neighbouring panels 14 and 13. However, the additional support 
did not significantly help to stabilize the ground. Two drawpoints and the panel drift in panel 15 were 
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partially closed in one month which restricted the area from loader access. Ground conditions also 
deteriorated rapidly in nearby drawpoints in the adjacent panel 14 and 13, with damage of class 3 to class 4 
on a scale of 1 to 6. 

One of the major contributing factors to ground deterioration in panel 13 through 17 is the characteristic soft 
rock known as the DOZ Breccia, which occurs from the middle to the north side of panel 8 through panel 19 
as shown on figure 1.  

In the middle of 2003, ground conditions in the DOZ breccia area of panel 13 to 17 deteriorated rapidly 
which did not allow safe recovery of the remaining reserves. The total reserve left in the drawpoints within 
the damaged area ranged from 50,000 to 200,000 tonnes per drawpoint, with grades of 0.45% - 2.64% Cu 
and 0.1 – 0.84 ppm Au,.  

Although through the end of 2004 more than 80% percent of the reserves in the panel were recovered safely, 
the remaining 20% could not be taken out due to safety concerns and inability to access the panels and 
drawpoints. The pillar recovery concept was then implemented to maximize recovery in those problem areas. 

2 Geology 
The drawpoints most affected by the difficult ground conditions are located in the DOZ breccia zone, in the 
northern sections of Panels 11 through 17 (in Figure 1). The DOZ Breccia zone consists of weak rock with 
RQD rock mass varying from 10 – 40 as shown on Table 1. 

Table 1 RQD and Q-system for different rock type 

. Rock Type RQD Q system 

Diorite 80-90 20 - 45 

Forsterite Skarn 50-80 10 - 40 

Magnetite skarn 70-80  8 - 40 

Forsterite magnetite 50-60  8 - 30 

DOZ Breccia 10-40 0.1 - 4 

Marble 10-40 0.1 - 4 

The DOZ breccia rock type occurs as a pipe-like zone that has a diameter of more than 100 meters. The rock 
type is characterized by breccia fragments of mineralized skarn, marble and diorite enclosed in a matrix of 
hydrothermal origin. Abundant anhydrite, mica, serpentine, talc, clay and carbonate minerals are common. 
The unit cross-cuts stratigraphy and post-dates the earliest stage of mineralization, with various other rock 
types represented in the DOZ skarn orebody as breccia fragments. The DOZ Breccia tends to compact which 
makes consistent mucking difficult and be prone to piping. 

During development and subsequent caving, groundwater was introduced into the DOZ Breccia, creating 
zones of wet muck that presented a hazard from muck rushes and so had to be mined using remote loaders. 
The difficult mucking and resulting irregular draw in that area further exacerbated the difficult ground 
conditions.  
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Figure 1 Geology of DOZ and Area of Interest  

3 Geotechnical Condition 
Excavations in the DOZ Breccia require extra heavy ground support, especially at the extraction level which 
experiences abutment loading during the mining of the block cave. The breccia zones in panels developed 
prior to experiencing the difficult ground conditions, in panels 13-17, were not supported by using steel sets 
which failed easily when the loading occurred. Subsequently, ground support in breccia zones included 
grouted threadbar, concrete and steel sets, especially near the intersections with major east-west faults. The 
additional ground support proved effective in preventing the types of ground collapse seen in earlier panels. 

3.1 Convergence  
Convergence measurement trends in panel 11, 13 and 15 provide examples of the change over time in the 
breccia-hosted drawpoints. Initially the range of convergence rate was 0.3 - 0.5 millimetres day, which was 
within acceptable limits based on the experiences in other similar areas in the DOZ (Sahupala and A. Srikant, 
2007). Convergence rates in these panels then displayed similar uptrends as shown by figure 2.  
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Figure 2 Convergence at Breccias rock type in different panel  

The graph shows similar trends of convergence rates after about 1.5 year production when the convergence 
rates jumped to more than one millimetre per day over a ten to fourteen day period. The graph of 
convergence rate in panel 11 demonstrates high endurance to pressure compared to ground in panel 13 and 
15, reflecting the benefit of using steel set ground support in the breccia rock type. Steel sets are able to slow 
down the effect of ground movement in breccia zones for about 90 days compared to breccia zones without 
steel sets. By using steel sets, the ground is able to accommodate convergence to more than 200 mm in 268 
days after initial damage appears. Without steel sets, the ground is able to accommodate 22-55 mm only in 
181 days after initial damage appears. 

Using Panel 15 as an example, the first damage occurred on January 2003 where vertical cracks were 
observed on the shotcreted wall after no mucking occurred from drawpoints 3 and 4 west during four 
consecutives days. Cracks developed and extended from shoulder to backs, ribs and then slabbed in the next 
day. Progression of moderate damage continued in the following weeks and then accelerated to heavy 
damage in a matter of days. On June 2003, drawpoints 3, 4, 5 in middle of panel 15 collapsed and then were 
closed permanently in July 2003 (Sahupala, 2004). As shown by figure 3, the damage was not restricted to 
panel 15 but spread to panel 14and 16, which led to closure of 24 drawpoints in the following two years 
(2004-2005). In order to arrest the progress of damage, continuous mucking was essential in the area, and so 
it was necessary to quickly assess the extent of damage to the extraction level pillar in the area and provide 
appropriate ground support so that the operations group could continue to muck the drawpoints in the panel. 
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Figure 3 Drawpoint closure sequence due to damage acceleration 

3.2 Typical Damage 
Figure 4 shows the comparison between damage progression in two different rock types, DOZ breccia (poor) 
and forsterite skarn (good). Progression of damage in panel 11-17, which is dominated by the breccia, is 
faster than in panel 23-27, which is dominantly forsterite skarn. The type of damage experienced in the 
breccia zones result in collapse and closure, while the highest level of damage in forsterite is slabbing that 
resulted after strain burst. Since 2000, at least 68 drawpoints were closed due to ground instability issues in 
panel 11 to 17, caused by collapse in the breccia zones. There are no drawpoints closed in the forsterite zones 
in panel 13-27 because of damage progression or ground instability issues. 
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Figure 4 Sequence of damage at DOZ panel 

3.3 Contributing factors  
The possible contributing factors to the developing damage in panels are: 

• Geology – DOZ Breccia rock type 
• Water 
• Discontinuous mucking 
• Inadequate blasting practices at undercut (stumps) and at Production level- Overbreak 
• Brow wear 
• Stress caused by muck column or stumps 

These contributing factors are determined based on the geotechnical investigation which was conducted 
during progression of damage (T. Szwedzicki, 2003) 

3.1.1 Geology – DOZ Breccia 
The DOZ Breccia Ore swells when the moisture content in material is more than 11% and then is 
consolidated when waters disappears. As shown by figure 5a, the compaction process can create the chimney 
into the draw column, and it is difficult to restore the drawpoint to a productive status.  

3.1.2 Water 
Swelling of breccia material inside the draw bell when the moisture content exceeds > 11% causes pressure 
build-up which pushes the drawpoint walls out, cracks the shoulders and peels off the concrete. The high 
pressure of wet breccia material produces water seepage from rock bolts holes and joint cracks along 
shoulders and in the panel drift, as shown by figure 5.b. Drift and the area surrounded breccia drawpoints are 
often observed in sticky and moist condition. 
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3.1.3 Inconsistent Mucking 
Breccia drawpoints with high likelihood to compact should be pulled harder than drawpoints in other rock 
types. Based on visual observation the breccia material will compact if not pulled within 2 to 3 consecutives 
days. Drilling and blasting must be then be conducted to break up the consolidated material, delaying the 
production from those drawpoints. 

3.1.4 Blasting Overbreak 
Overbreak during drawpoint blasting reduces the size of the pillar, making it more likely to develop ground 
condition issues when the drawpoint is in production (Figure 5d).  

 
Figure 5 Contributing factors in damage progression 

3.1.5 Stump Blasting 
As shown by figure 5c, blasting of stumps in the undercut level from holes drilled into the major apex to 
blast stumps will reduce the strength of the pillar.  

3.1.6 Vertical stress 
Figure 5e and 5f shows damage from vertical stress induced by consolidated (packed) muck. Assuming the 
height of the cave-in material is up to 300 m high, the static vertical stress is calculated to be around 5 MPa.  

3.1.7 Brow wear 
In rock mass with the RMR rating from 50 –60 estimated brow wear is up to 1-3 m for every 50,000 tonnes 
of ore pulled. In rock mass with the RMR rating from 60 –70 brow wear is up to 1-2 m for every 50,000 
tonnes ore pulled. In the problem areas where 200,000 tonnes of ore were drawn, it is estimated that the wear 
of the brows and the apexes was in a range of 4 to 12 m. Actual probe holes in panel 10 to 12 that were 
drilled after the damage occurred showed that apexes in damage area had about 10 metres of brow wear. 



 

 198

4 Assessment and Contingency Plan 
Assessment to the ground is applying pillar recovery in damaged areas to provide detailed information about 
the severity of damage and also to identify pro and cons of pillar recovery. The results of assessment were 
used to set up the work priorities in the panel, identify the required repair and sequence the repair activities 
to avoid delay in production activity in the panel (Sahupala and A. Srikant, 2007). Panel damage in different 
areas has different characteristics which influence application of pillar recovery. It is fundamental to assess 
the ground condition of the panel drift and the pillar surrounding the excavation, as well as monitoring the 
movement using convergence or microseismic data. 

4.1  Assessment of pillar 
Methods used to evaluate condition pillar are as follows: 

• Visual observations 
• Convergence Monitoring 
• Ground penetrating radar (GPR) Surveys 
• Probe holes 

4.1.1 Visual Observation 
Visual observations are undertaken throughout the operating levels beginning with the development stages to 
obtain more detailed and accurate information about ground behavior, stress change, and progression damage 
in the problem areas. All panels in breccias areas are inspected on a daily basis and all geotechnical events of 
note are recorded. The results of these inspections help assess the correlation between observed damage, 
convergence and are applied to develop the resulting remedial action plan as shown by figure 6. 

4.1.2 Convergence Monitoring 
Convergence measurements are taken on a daily basis in the area surrounding breccias such as in panel 10 to 
panel 17. As shown by figure 6, observation of cumulative convergence over two years from panel 11, 13 
and 15 will provide information of ground behaviour useful to estimate the proper time to apply pillar 
robbing before the panel collapses. Daily convergence will give early warning when it is increases 
significantly. Increased convergence rates in the area were often the result of compacted DOZ breccia in the 
draw points which would restrict the flow of material and increase the static load on the pillars. Based on the 
convergence data the draw rate recommendations for the drawpoints in the area are often increased by up to 
fifty percent or more to alleviate that convergence.  

 
Figure 6 Convergence to evaluate pillar recovery 
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Figure 6 shows that the proper time to implement pillar was between damage of class III and class IV, before 
the convergence in the area accelerated. In that time the steel caps were bent, floor heaved heavily and 
concrete fractured. At this time there would be about three weeks to prepare drilling of the pillars without 
heavy repair, and also equipment can be placed closed to damage area before the steel broken. 

4.1.3 Ground Penetrating Radar Survey 
Ground Penetrating radar (GPR) has been introduced relatively recently at DOZ and has been used to 
identify a consolidation level of pillar after damage in extraction level (Figure 7). The GPR transmitter 
generates a wave-train of radio waves into the rock and is reflected from various non-uniformities (metal, 
cavities, boundaries of layer with different parameters, etc.). The reflected waves are received by the 
receiving antenna and carry information on the medium being sounded.  

 
Figure 7 GPR survey results  

To get high accuracy, the GPR survey was first conducted in intact ground away from the active caving area 
to get a reference for comparing with the result from the damaged zone. Surveys were conducted within the 
DOZ Breccia in Panel 10 near Drawpoint 7W and the Endoskarn in Panel 5 near Drawpoint 5E. The results 
shown in Figure 7a indicated that there is a clear break at about 11 meters between the intact ground and the 
fractured ground within the pillar which was not disturbed yet. Meanwhile figure 7b indicated that the pillar 
has been heavily fractured and has many cracks which have resulted in loss of signal about 5.5 meters above 
the back of the panel drift. The GPR survey confirmed that pillar in panel 11 is more fractured around 
Drawpoints 6E and 6W than in other parts of the panel in the same material (DOZ Breccia).  

4.1.4 Probe Hole Test 
Probe holes are the latest assessments which were conducted to verify the results of various other methods to 
identify the integrity of pillar. Figure 8 show the test holes completed before undertaking pillar robbing in 
panel 11. The 76 mm holes were drilled using a Cubex drill at 30-45 degrees inclination towards the 
damaged pillar area. 
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Figure 8  Design of probe holes for assessing integrity of Panel 11 pillar 

Of the nine holes drilled as part of the program, only three holes broke through to the broken zone. The 
distance at which the holes broke through to the broken zone was recorded and is shown at Figure 8 (right). 
From the drilling, it was concluded that the height of apex decreased from 22 meters to 15 meters (Sahupala, 
2006). Due to the confined space available for drilling, the condition of the pillar within 10 meters of the 
back of the panel drift could not be identified using this drilling.  

4.2 Economical consideration 
Besides the desire to maximize ore recovery from a drawpoint, another of pillar robbing in DOZ is to arrest 
spreading of stress to the surrounding area. Pillar recovery will take out broken pillars and allow compacted 
material flows from the surrounding area.  

Simple net revenue calculations are made for identified options before undertaking the pillar recovery. The 
calculations consider value from expected remained reserves, versus cost of repair and mucking. Figure 9 
shows an example of revenue comparisons of recovered remaining ore and repairing/mucking costs for three 
options. Those options are as follows: 

• Option 1: Continue mucking for 57 days from damage drawpoints and its surrounding drawpoints, 
continue with repair 6 days and pillar recovery activity for 10 days. 

• Option 2: Close damage drawpoints, commence repair for 3 days and pillar recovery preparation 
for 10 days 

• Option 3: Leave the area to collapse and no pillar recovery. 
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Figure 9  Revenue and cost for economic calculation in panel 12 
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4.3 Summary of assessments  
Based on of the visual observation and the evaluation steps, it is concluded that: 

• The static loads due to the presence of the compacted muck at the drawpoints resulted in an 
acceleration of damage and increase in convergence (Sahupala and A. Srikant, 2007) 

• Operations have contributed to create extra loading to the pillar by incomplete undercut blasting, 
overbreak or discontinuous mucking. 

• The existing ground support with steel reinforcement can reduce impact of ground movement and 
preserve the drift for about 90 days before partial closure.  

• Combination of different assessments gives more accuracy for identifying condition of pillar and 
also can be used to determined proper time and place to implement pillar recovery.  

• The pillar in breccia zones that experienced heavy damage or partial closure was actually fractured 
about 50%- 75% from the original thickness. 

• As well as economic evaluation, safety and geotechnical consideration take an important role during 
process of decision-making to implement pillar recovery.  

Pillar Recovery and Safety Operation 
In the light damage area that was originally constructed with steel sets, the caps should be cut off before 
starting drill and blast which was initiated from slot. In the heavy damage area in which it is unsafe to place 
equipment, pillar recovery will be done after the area is repaired and secured with additional ground support.  

Figure 10 shows the general sequence during damage progression and operation actions before blasting 
major pillar which was initiated after the area collapsed by itself. Production from adjacent drawpoints 
continued during high convergence and the additional ground support was installed in the drifts and 
drawpoints surrounding the pillar blasting area. The reserves remaining in the middle of panel drift would 
then be drawn from the north and south of the pillar recovery area and the panel drift itself would be used as 
drawpoints.  

Actually, the most challenges work in the field which was often faced by operation was synchronisation 
work between different type of work with acceleration of convergence i.e. activities of set up drilling 
machine near unstable ground during mucking activities, pull out and cut steel set from damage area or 
install additional ground support during mucking activities. All those activities must be set up in a limited 
area and has to be completed quickly before the ground conditions worsen and pillar recovery not possible. 

 
Figure 10 General Sequence of Pillar recovery application in damaged area  
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The areas in panel 14, 15, 16, 17 and 11 where pillar recovery was implemented showed excellent result of 
ore recovery as shown by table 2. Almost all reserves were successfully taken out by this method except for 
panel 16 and 17 south which was stopped due to safety reasons. 

Table 2 Implemented Pillar Recovery at DOZ mine 

Locations Start Closed Life Time Tons Pulled %EqCu Tons Left %drawn 
Panel 15N Aug-04 Aug-04 3             212      0.21                -  121
Panel 15S May-04 May-04 3           4,031      0.66                -  131
Panel 14N Dec-03 Jul-04 212         35,417      1.04                -  159
Panel 14S Jan-04 May-04 119           5,503      3.05                -  134
Panel 16S Sep-04 Nov-04 56           9,856      0.95      32,010  85
Panel 17S Sep-07 May-08 238         31,991      0.64      19,114  90
Panel 11S Dec-06 Nov-07 (Active) 327         73,815      1.63                -  113

Conclusion 
The application of pillar recovery is a complex method requiring close coordination between operation, 
geotech and engineering groups. The efforts of the team resulted in successful and safe recovery of almost 
100% of the reserves in all pillar recovery areas through assessment of the risks, good production strategy, 
appropriate repair, provision of adequate ground support and continued monitoring and supervision.  

The use of different methods for assessing pillar stability before implementing pillar recovery helped identify 
the risks and plans for the continued safe production from the drawpoints in the panel.  

The following lessons were learned during the experience of pillar recovery in DOZ: 

• Operations through good practices can improve ground stability at the extraction pillar level during 
the development stage, undercutting and production. The tolerance of the error must be zero in the 
poor ground.  

• The efficacy of pillar recovery was aided by detail ground assessment, comprehensive action plans 
in the field and commitment and consistency to follow the plan.  

• All activities during pillar recovery must be planned and under closed supervision.  

• Control of draw rate is particularly important in poor ground areas to avoid compacted muck at the 
drawpoints. Balancing the draw from neighbouring drawpoints can help reduce convergence.  
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Abstract 
Open stope performance is generally assessed by the ability to achieve maximum extraction with minimal 
dilution. Hence, the success of the open stoping method relies on the stability of large (mainly un-reinforced) 
stope walls and crowns as well as the stability of any exposed fill masses (Villaescusa, 2004). The 
performance of an open stope can therefore be judged on the actual outcome versus the planned outcome, in 
terms of the final volume, tonnage and grade of material extracted, and the timeliness of extraction, 
compared to the planned design and schedule. Performance can be described in a number of ways, from 
subjective qualitative terms to quantitative numbers, based on a number of parameters and/or physical 
quantities. A number of quantitative measures of stope performance, such as ELOS (Clark and Pakalnis, 
1997), have been used in the past, however some of these measures fail to adequately capture certain 
geometrical aspects of over-break or under-break. Back analysis of open stope performance is essential in 
the dilution control process, as an improved understanding of mechanisms allows one to check the validity of 
any assumptions and refine geotechnical parameters used in the design process. A number of new shape 
descriptors are introduced and, in conjunction with existing performance parameters, an improved method 
for quantification of over-break and under-break will be presented. To illustrate the methodology, data from 
two cases study will be presented. 

1 Introduction 
An analysis of the shape of a resulting excavation surface relative to its intended design can potentially 
provide useful information about the factors influencing excavation performance. For example, final 
excavation surfaces that are typified by extensive arcuate shaped over-break may indicate performance has 
been affected by significant rock mass failure, whereas prismatic or polyhedral shaped over-break may 
potentially indicate more structurally controlled rock mass failure modes. Some further examples of over-
break geometries and potential failure modes and factors affecting performance are presented in Table 1. 

Table 1 Example geometrical characteristics of over-break 

Areal extent Depth 3-d Shape Potential failure modes 

isolated deep polyhedral discontinuity controlled rock block failure 

extensive deep arcuate circular rock mass failure, or unravelling with subsequent self-
stabilisation through arching 

extensive shallow planar / 
platy 

slabbing or bedding plane failure in highly anisotropic rock masses, 
where excavation surface is sub-parallel to anisotropy 

isolated shallow irregular potential blasthole deviation or “toe-ing” of holes into proposed surface 
with subsequent blast damage in massive to moderately jointed rock 
masses 

2 Geometrical Assessment of Stope Performance 
In an attempt to determine the relative performance of stopes, one generally compares certain geometrical 
parameters of the over/under-break, such as volume, area or depth. Comparison of these parameters can be 
made on individual stope wall surfaces to ascertain whether there is any differential performance between 
walls. However, the use of such parameters alone does not necessarily provide an adequate characterisation 
of the geometry of over/under-break. In evaluating the geometry of over/under-break one needs to consider 
the following aspects: 
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• location 

• orientation 

• size 

• shape 

The first two aspects of geometry are relatively simple to ascertain. In this paper the size and shape aspects 
of over-break are investigated with a number of quantitative measures proposed to describe these two 
geometrical aspects. 

2.1 Shape and Size 
Shape is one of the most difficult parameters to measure, as it may be defined in a number of ways for 
various purposes, each with various degrees of precision (Davis, 1973). The basic definition of “shape” is 
provided by Kendall (1977); “Shape is all the geometrical information that remains when location, scale and 
rotation effects are filtered out from an object.” Essentially this means that two geometrical objects will have 
the same “shape” if, after being rotated, translated and rescaled, they match perfectly. Sometimes, it is also 
necessary to see if geometrical objects of the same “shape” are of different sizes. In this case, the definition 
of “size-and-shape” must be considered (Kendall, 1977); “Size-and-shape is all the geometrical information 
that remains when location and rotation effects are filtered out from an object”. That is, two objects are of the 
same size-and-shape if, after rotation and translation, they match perfectly. 

There are a multitude of measures, or descriptors, of shape that have been developed to try to quantify the 
various geometrical aspects describing the “shape” for a given object. The difficulty lies in finding a 
“measure” or “index” of shape and/or size that adequately captures the required characteristics for the 
geometrical comparison. When assessing “shape” only, it is necessary to devise a measure of shape that is 
scale-independent, that is, this measure is unaffected by changes in the scale of an object. The measure 
should therefore be represented by a non-dimensional or unit-less value. 

2.1.1 Existing measures of shape and size in open stope performance 

Clark and Pakalnis (1997) attempted to utilise the volume of over-break or under-break and the size of stope 
surfaces as a measure of stope performance, deriving ELOS (equivalent linear over-break/slough) and ELLO 
(equivalent linear lost ore), respectively: 
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where VS
OB and VS

UB are the volume of over-break and under-break, respectively, and AS is the surface area of 
a particular stope surface. Clark and Pakalnis (1997) plot these measures on a stability graph, using modified 
stability number, N', (Potvin 1988) versus “Hydraulic Radius” (HR), which is intended to account for the 
“size and shape of the opening” (Mathews et al, 1981): 
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where AS and PS are the surface area and perimeter, respectively, of a particular stope surface. The premise of 
this dilution approach is that, as the area of the stope surface is increased (i.e. an increase in Hydraulic 
Radius) and the rock mass quality is decreased, there should be a corresponding increased in the observed 
over-break, in this case represented by the ELOS parameter. 

(3)
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It must be noted that the shape and size measures used in existing empirical stope stability methodologies (as 
described by equations 1, 2 and 3), all result in a “dimensional” parameters and therefore are termed “scale-
dependent” measures. ELOS and ELLO are a function of the geometry of over-break and under-break, as 
well as the geometry of the stope surface. It is therefore difficult to determine whether a change in the ELOS 
or ELLO parameter is due to a change in “shape” or a change in “size” of either the over-break/under-break 
or the stope surface. In light of this, Hydraulic Radius, ELOS and ELLO can therefore be considered as poor 
measures of “Shape” or “Size”, or both “Size-and-shape”. An alternative approach, it is proposed to compare 
stope performance geometries firstly using shape and then size. 

2.2 Two-dimensional Shape Measures 
The over-break (or under-break) volume that intersects a planned stope surface usually leaves a line of 
intersection. This line of intersection may be closed, or extend past the edges of the nominal design surface 
boundary. In this paper, only the case where the line of intersection forms one or more closed polygonal 
shapes within the confines of the nominal stope boundary will be discussed. Although there are a multitude 
of 2-dimensional shape descriptors, it is proposed to utilise a simple circularity measure for describing the 2-
dimensional shape of these closed polygonal lines of intersection: 

  2
A4

P
yCircularit π
=   

where A and P are the total area and total perimeter, respectively, of the closed polygonal line(s) of 
intersection. The reason for this proposed measure is the relative ease at which areas and perimeters can be 
established, compared to other measurements such as axial ratios, side or radial lengths. This especialy true 
for irregularly shaped polygons. Alternatively, the shape of a polygon can be described by a circularity shape 
factor: 
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where AC is the area of the smallest enclosing circle, AI is the area of the largest inscribed circle and A is the 
area of the object. Although this provides a measure of how compact and circular an object is, it can only be 
applied on individual fully enclosed shapes. Some typical 2-dimensional geometric shapes are characterised 
by the proposed circularity measure and compared to the number of individual side lengths making up the 
polygons and their compactness (see Figure 1). Generally, as the number of sides of an object increases (i.e. 
complexity and irregularity), the circularity decreases. Figure 1b highlights that as an object becomes more 
compact (i.e. resembling a circle) the circularity measure increases, as expected. Where values of circularity 
fall below approximately 0.4, shapes are typified by highly irregular and/or elongated shapes. Above this 
value, shapes become more regular/polyhedral, with elliptical to circular shapes above 0.7. 

It is proposed to utilise the circularity measure to characterise the 2-dimensional shape of the over-
break/under-break (as it intersects the stope surface), as well as the shape of the stope surface under 
investigation. The ratio between the circularity of the over/under-break and the circularity of the stope 
surface provides a measure for how similar these two shapes are to one another: 
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where COB is the circularity of over-break (CUB for under-break) and CS is the circularity of the stope surface. 
Where the circularity ratio is near unity, indicates that the 2-dimensional shapes of both the over/under-break 
and the stope surface are similar. 

(6)
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Figure 1 Plots of a) proposed measure of Circularity versus number of sides and b) Shape 
FactorC versus proposed Circularity measure, for a variety of 2-dimensional shapes 

2.3 Extensivity 
It is proposed to introduce a measure for assessing how extensive the 2-dimensional intersectional area of 
over-break or under-break is, relative to the stope surface under investigation, termed “extensivity”: 
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where AOB is the area of over-break (AUB for under-break). An extensivity value approaching unity indicates 
that the over-break covers the majority of the stope surface. For similar shaped and sized stope surfaces, this 
can provide a relative measure of the size of over-break. An example plot of circularity versus extensivity is 
shown in Figure 2, for a variety of example over-break shapes. It must be noted that the total intersected 
areas and perimeters are utilised to calculate the circularity measure. In addition, the circularity ratio can be 
plotted against extensivity and can indicate where 2-dimensional over/under-break shapes have both similar 
shapes and similar relative sizes, with a value of unity for both measures indicating a perfect match between 
the over/under-break shape and the stope surface. 

2.4 Three-dimensional Shape Measures 
Instead of formally describing the size-and-shape of a rock block, Windsor and Thompson (1997) introduce 
a representative linear dimension, termed Equivalent Spherical Radius (ESR), using the surface area or 
volume of the rock block compared to the radius of a sphere. The ESR value can be determined by two 
methods: 
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where AS is the total surface area of a rock block and V is the rock block volume. The ESR for a rock block 
can be determined by either equation. The resulting values from either equation will only be identical in the 
case of a sphere. In this case, by dividing ESR determined from the volume by that determined by the surface 
area will provide a scale independent value, with a value of unity indicating a sphere. The ratios of the ESR 
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values derived from surface area and volume can therefore be used to provide a scale independent 
assessment of rock block shape. 

 

 

Figure 2 Plot of Circularity versus Extensivity for some example 2-dimensional shapes of over-
break shown with an example stope surface shape 

It is proposed that a similar approach to the ESR rock block shape index be used to assess the shape of over-
break or under-break. Instead of using a sphere, a hemisphere can be substituted. Here, it may be more 
appropriate to compare the flat basal area of the hemisphere or intersectional area (i.e. the area formed on a 
plane bisecting a sphere) to the volume of the hemisphere, and denote this as Equivalent Hemispherical 
Radius (EHR): 
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where AC is base area and V is volume of a hemisphere. Dividing the EHR derived by volume with the EHR 
derived from basal area will result in unity for a hemisphere, with values higher indicating an elongated 
semi-ellipsoid (with major or semi-major axis perpendicular to the base area) and values lower than unity 
indicating flatter, “platy” shapes. It is proposed to define a simple scale independent measure to describe the 
three-dimensional shape relative to a hemi-sphere, and term this “hemi-sphericity”: 
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where VS is the intersected volume of over/under-break and A is the intersected area with the stope surface 
under consideration. When comparing geometries with the same intersected area, it must be noted that 
relationship between hemi-sphericity and volume is not linear, as shown in Figure 3a. Indeed, a hemi-
sphericity value below 0.2 represents a negligible volume compared to geometries with higher values. It can 
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also be shown that the 3-dimensional shape of over/under-break is dependent, to some extent, on the 2-
dimensional intersectional area of over/under-break. Figure 3b displays hemi-sphericity versus circularity for 
a number of example 3-dimensional geometrical shapes. Here, the 2-dimensional shape, as well as the apex 
heights (providing the third dimension), were varied to provide a large range of potential over-break 
geometries. It can be seen that, as the 2-dimensional intersectional area becomes more elongated or irregular 
(i.e. circularity decreases), the ability to generate deeper prismatic shapes decreases. 

 

Figure 3 a) Relationship between hemi-sphericity and relative volume (given the same 
intersected area) and b) plot of hemi-sphericity versus circularity for some example 3-
dimensional geometrical shapes of over-break together with a generalised shape 
classification 

2.5 Relative Volume 
In order to ascertain whether the over-break from one stope surface represents more favourable performance 
to the over-break from another stope surface, irrespective of the size of the two surfaces, one needs to 
compare the relative shapes and coverage of over-break across the respective stope surfaces. Intuitively, 
over-break that is deep and arcuate in shape and covers the entire stope surface represents more severe stope 
performance conditions than that represented by over-break that is thin and platy in shape and covers only a 
small portion of the stope surface. It is proposed to utilise the measures of extensivity and hemi-sphericity to 
evaluate the relative severity of over/under-break between two stope surfaces. In this regard, hemi-sphericity 
and extensivity of over/under-break for a stope surface can be evaluated relative to the volume of a 
hemisphere with 100% extensivity; 

  
2
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⎜
⎝
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π
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2.5.1 Relative Volume and Stope Performance Classification 

The relative volume can be used to quantify and subsequently classify relative stope performance, 
irrespective of scale. A simple stope performance classification, based on relative volume, is shown in Table 
2. It must be noted that this classification has not been optimised for the economic and production constraints 
for any particular mine and is for illustration purposes only. 

(12) 
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Table 2 Stope Performance Classification based on Relative Volume 

Relative Volume Stope Performance Classification 

< 0.02 Very Good 

0.02 – 0.05 Good 

0.05 – 0.1 Fair 

0.1 – 0.2 Poor 

0.2 – 0.5 Very Poor 

>0.5 Exceptionally Poor 

3 Classifying Stope Performance based on Shape Measures 

3.1 BHP-Billiton Cannington Mine 
The geometrical measures defined above have been applied to stope performance data from a recent 
geometrical back analysis study of open stopes at BHP Billiton’s Cannington mine (Coles, 2007). A total of 
76 stope surfaces were analysed. It must be noted that the stope surfaces analysed came from a variety of 
mining blocks across the mine, each with differing rock mass conditions, cable reinforcing intensities, 
extraction ratios and degrees of local rock mass damage. However, the emphasis of this exercise was to 
verify that the proposed shape measures could provide a useful scale independent assessment of stope 
performance. 

Figure 4 displays the results of the various shape measures applied to the back analysed stope surfaces. A 
number of example cavity monitoring survey (CMS) geometries and design surfaces have been highlighted, 
labelled A to F and represented graphically in Figure 4c. It must be noted that these shapes have been re-
scaled to similar sizes. A summary of the shape measures for the labelled example stope surfaces, together 
with a brief description based on the simple classifications provided for in Figures 2 and 3, is shown in Table 
2. From Table 2 and Figure 4c, it can be seen that the classifications based on the proposed shape measures 
are in good agreement with the observable geometries of over-break. 

3.2 Barrick Kanowna Belle Gold Mine 
The proposed shape measures and stope performance classification have also been applied to stope 
performance data collected at Barrick Australia’s Kanowna Belle Gold Mine (Magee 2005, Malatesta 2006). 
Stoping activity at Kanowna Belle has been divided into a number of mining blocks with depth. A 
comparison of stope performance between a number of mining blocks has been undertaken, namely; Block 
A, Block C and Block D. 

Block A typically contains large, multi-lift primary-secondary stopes (approximately 120m in height), 
ranging from 20 to 30m in length and up to 35m wide. Primary stopes were typically filled with cemented 
rock fill, with secondaries filled with uncemented rock fill. 

Block C stopes are generally much smaller than Block A stopes, with stopes heights ranging from 40m to 
100m, lengths from 15m to 20m with stope widths generally around 20m. These stopes were initially mined 
in a 1-3-5 sequence, wth the sequence subsequently switched to a centre-out pyramidal sequence to control 
stress-related production issues and dilution. 

Block D stopes typically are smaller than both Block C and Block A stopes, with sizes ranging from 30m to 
65m in height, with stope widths around 20m. Block D stopes are mined in a bottom-up centre-out pyramidal 
sequence, with stopes filled with cemented pastefill. In addition, in thicker sections of the orebody, stopes 
are mined in panels (up to 3), from the hangingwall to the footwall. 
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Figure 4 Stope surface over-break at Cannington mine plotted by a) hemi-sphericity, circularity 
and extensivity, b) hemi-sphericity versus extensivity (classified by Relative Volume), 
and c) re-scaled example stope surfaces (labelled A-F) shown in elevation and cross-
section with CMS and design profiles 

Table 2 Summary of over-break shape measures and performance classification for example stope 
surfaces shown in Figure 3 

Example Extensivity Circularity Hemi-
sphericity 

Relative 
Volume 

Shape and Performance Classification 

A 0.06 0.66 0.09 0.001 Sparse, polyhedral, platy to shallow – Very 
good performance 

B 0.51 0.56 0.58 0.239 
Moderately extensive, irregular to 
polyhedral, very deep – Very poor 
performance 

C 0.44 0.22 0.20 0.068 Sparse, highly irregular/ discontinuous, 
moderately deep – Fair performance 

D 0.30 0.26 0.47 0.087 
Sparse to moderately extensive, 
elongated/irregular, very deep – Fair 
performance 

E 0.61 0.58 0.21 0.116 Moderately extensive, irregular, moderately 
deep– Poor performance 

F 0.18 0.09 0.05 0.005 Sparse, highly irregular/ discontinuous, 
shallow – Very good performance 
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Figure 5 Frequency-probability plots for over-break on stope surfaces by mining block at 
Kanowna Belle Gold Mine for a) circularity, b) extensivity, c) sphericity and d) relative 
volume 

Figure 5 shows a comparison of the shape descriptor statistics for stope surfaces from the three mining 
blocks investigated. Qualitative/descriptive observations of over-break in Block A indicate that over-break is 
typically manifested as irregular, patchy and discontinuous zones, typically of very shallow depths. These 
zones, however, can be quite extensive over the stope surface. On rare occasion, over-break is manifested by 
irregular elongated zones of over-break, corresponding to over-break along large-scale geological structures 
where local rock mass quality is poor. The top row of Figure 5 shows reflects this qualitative assessment, 
with Block A stope surfaces generally exhibiting low circularity, moderate to high extensivity, and generally 
very low hemi-sphericity. 

The performance statistics indicate that, despite Block A stopes being much larger than Block C and Block D 
stopes, the stopes performed much better, with a probability of at least 80% classified as “Good” and at least 
90% as “Fair”. This compares to Block C and D stopes which both display similar performance, with at least 
80% “Fair” and at least 90% as “Poor”. 

Figure 5 also shows that Block D stopes, although having very similar performance (in terms of relative 
volume) to Block C stopes, over-break is generally more circular or rounded and less extensive than Block 
C. The tail of the relative volume distribution also shows that there are more outlier stopes that exhibit much 
deeper over-break than other mining blocks. 
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4 Conclusions 
Traditional stope performance measures that rely on dimensional parameters, such as ELOS, are unable to 
accurately make performance comparisons for stope surfaces of vastly differing sizes. In addition, these 
measures do not describe certain geometrical aspects of over/under-break, such as shape. Indeed, it is 
difficult to determine whether a change in ELOS is due to a change in “shape” or a change in “size” of either 
the over-break/under-break or the stope surface. 

By measuring a number of quanitfiable parameters of over/under-break, such as intersectional area, 
perimeter and volume, a number of scale independent shape descriptors can be derived and utilised to 
provide quantification of the relative performance of stope surfaces, irrespective of their size. Statistical 
analysis of these data can provide shape characteristics of over/under-break which can possibly be used to 
provide useful insights into the mechanisms involved. For example, high circularity - high extensivity - high 
hemisphericity stope surfaces may indicate stope surfaces affected by significant rock mass failure, whereas 
low circularity – low extensivity – high hemispericity may indicate localised block instability. Further 
research in this area is currently being undertaken. 
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Abstract 
Strategic mine planning defines: life of mine, mining reserves and production capcity of a mining project 
delineating the business value promise. In Block and Panel Caving, mine planning is supported by several 
geotechnical models that account for the underlying mechanics such as cave propagation, ore 
fragmentation, stress distribution on the production infrastructure, subsidence and gravity flow. Block and 
Panel Caving are mining method that are integrated by components such as draw points, production drifts, 
ore passes and haulage drifts. The number of active components at a given time and the rate at which these 
components are incorporated into production define the production capacity of a mine. These components 
are subjected to be interrupted due to geotechnical upsets such as oversize, hang ups, large deformations, 
road repair. These interruptions influence the reliability of a given mining component to perform a specific 
production commitment. Thus, the true production capacity of caving methods should incorporate the 
expected rate of geotechnical events that could affect a given set of mining components since it would define 
their availability to produce a given production target. This paper, summarizes a methodology that has been 
devised that couples the rate of occurrence of geotechnical events and the production characteristic of a 
mining component through a mine wide reliability model that enables computing the true production 
capacity of a Block and Panel Cave mine. Then, different development strategies and production rates can 
be ranked together using the traditional financial project indicators together with the mine infrastructure 
reliability indicator. A mine wide reliability model has been implemented at DOZ PT Freeport Indonesia to 
support the mine expansion to 80.000 tpd. Until now the model has been calibrated and validated using 
historical production performance of DOZ. The model has also been used to study the effect of potential 
delays on the development of critical infrastructure and the coarse fragmentation expected for the Diorite 
rock mass. As a result of this implementation, several exercises have been performed in order to test the 
effect of different production scheduling components into the reliability of the long term underground mine 
production schedule. 

1. Introduction 
Production planning is the mining engineering activity that engages the natural resource inventory together 
with the market to offer a business promise to shareholders. Several decisions such as life of mine, mining 
reserve volumes, production capacity and investment profiles among others. Traditionally the components 
used in the production planning exercise to make such decisions have been cut off grades to delineate what 
resources are economic to extract, mining methods to define the way how the resources are going to be 
extracted over time, mining sequence to identify geometrically and space wise how the economic resources 
are going to depleted and development rates to define when a given piece of resource would be extracted. All 
these elements are decided dynamically over time, since a production plan should provide an answer to what 
portion of the ore body should be mined?, which mining and processing methods should be applied, when 
the different sections of the ore body should be mined and how much of the economic resources should be 
mined. In recent years much attention has been concentrated in defining and also integrating the uncertainty 
related to the components of the mine planning model. The uncertainty could by internal or external to the 
mining project itself (Kazakidis, 2002). For instance the grade and resource inventory uncertainty is 
considered to be internal to the project commonly, which has been modeled using stochastic simulation, has 
presented by Deutsch and Journel, (1997). The economic parameters used in the mine planning process such 
as metal prices, discount rates, and raw material costs have been considered to be external to the mining 
project. In this context, three sources of uncertainty are often defined for mining projects: grades and rock 
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characteristics, market and the mining system. Research has been done in order to integrate analysis of the 
first two sources of uncertainties, however, not much investigations have been taken in order to integrated 
the variability of the mining system to produce a certain amount of production. In particular, The 
Block/Panel cave mining system often lacks of a comprehensive geotechnical model due to the limited 
access to the rock mass given the reduced amount of drifting that is performed as part of the mining method. 
Another aspect of the system that induces uncertainty is the underlying mechanics that define the system 
functionality such as caving, fragmentation, stress and gravity flow (Brown, 2003) which are not fully 
understood by the mining community yet. This source of uncertainty induces geotechnical events in the 
mining system that tends to define the production capcity of an operation. As an example Figure 1 shows the 
relationship between the number of oversize and hang ups draw point events in a block cave operation and 
the tonnage throughput measured per month. It is clear that the frequency of geotechnical events conditioned 
the production capacity of a mining component, (a draw point in this case).  
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Figure 1 Run of mine tonnage throughput as a function of draw point oversize and hang up 
events in a panel cave operation (Rubio, 2006) 

The same effect shown in has been observed at individual components such as draw points, ore passes, 
equipments and other components. Thus, it is clear that when mine planners are delineating a production 
strategy for an ore body they should integrate this constitutive behaviour to commit production goals that are 
achievable and reliable. The curve shown above would be called the production characteristic curve and this 
would define the production constitutive behaviour of a mining component. 

2 Background 
Kazakidis and Scoble (2002) have introduced the concept of using mechanical reliability modeling to 
integrate geotechnical hazards into traditional mining systems in order to estimate the reliability of a given 
mine design. Also Rubio et al (2005) defined an application of reliability theory to production planning in 
Block Caving using redundancy allocation with identical sub components. Kazakidis and Scoble (2002) 
showed how a mining system could be analyzed and divided into components, in order, to compute the 
reliability of the system as a whole. Figure 2 shows a schematic representation of a traditional underground 
mining system.  
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Figure 2 Components of a traditional underground mining System (Kazakidis and Scoble, 2002) 

The mining system in this figure is integrated out of the following components: 

- 1 shaft 
- 1 crusher 
- 1 haulage drift 
- 1 ore pass 
- 1 ramp 
- 3 stopes 
- 1 ventilation raise 

Depending on the relationship between the mining components one could use reliability block diagrams as 
presented by Hoyland and Rausand, 1994 to represent a simple mechanical system to construct a mine wide 
reliability model. Let us assume that a subsystem is composed out of three components: 1, 2 and 3. if the 
components are fully dependant on each other this would be modeled as the three components were 
connected in series as shown in Figure 3a. If three components in a system are working in redundancy this 
would be modeled as the components were connected in parallel as shown in Figure 3b. Figure 3c represents 
a system with redundancy at the subsystem level and Figure 3d shows redundancy at the component level. It 
can be shown that a system with redundancy at the component level Figure 3d is more reliable than a system 
with redundancy at the subsystem level Figure 3c. 
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Figure 3 System reliability as a function of its componentes 1r , 2r , 3r  for different architectures 
(Hoyland and Rausand, 1994). a) is a series subsystem, b) is a parallel subsystem, c) is a 
parallel series subsystem and d) is a series parallel subsystem 

In order to transform a mine design as shown in Figure 2 into a reliability block diagram model the 
methodology proposed by Hebers (1981) is used in which the author applies reliability modeling to assess 
the robustness of different strategies followed by ant colonies foraging for food. The concept applies in 
underground mining in which mine planners should look for the most robust design and production schedule 
that will deliver ore to plant. Then making an analogy between ants foraging for food and an underground 
mining system, the reliability block diagram of a mining system as shown in Figure 2 is presented in Figure 
4. 

 
Figure 4 Reliability Block Diagram Model of a Traditional Underground Mining System 

Figure 4shows that a complex underground production system can be simplified to three stopes connected in 
parallel and all the rest of components connected in series with the stopes. The rationale for this model is that 
if any of the main infrastructure components fail such as ore passes, shaft, crusher, ventilation raise or 
haulage the system would fail. The first comment to be made upon the model proposed above is that the 
traditional mining system have been designed and configured with very little or no flexibility, since the 
current financial valuation tools used to valuate mine design do not incorporate flexibility on the evaluation 
framework. Nevertheless by integrating a reliability model into the mine valuation a different optimum could 
be shown as it will be presented in the next section. 

To compute the reliability of a mining component Vagenas et al. 2003, showed a methodology that can be 
used to compute the mean time between failure and the mean time to repair based on the frequency of 
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excavation failures by applying statistical methods used in mechanical engineering.. The research discusses 
the difficulties of collecting geomechanical events and appropriate monitoring systems that could facilitate 
the analysis. Nevertheless, currently in block and panel caving mining there is often found plenty of data 
related to geotechnical events that tend to interrupt the ore flow through the mining system such as draw 
point oversize and hang ups, ore pass failures, drift convergence and collapses among others. These records 
have facilitated the implementation of a reliability modeling to support production planning decisions.  

3 Block cave production schedule reliability 
To introduce the concept of reliability in block and panel cave production planning there are some 
definitions that have to be outlined in order to formulate the mathematical models that would support 
reliability calculations.  

- Event: an interruption to tonnage flow trough a mining component (drawpoint, ore pass, mining 
equipment, etc.), it does not necessarily makes the system fail. 

- Reliability (Schedule): It is the probability of a component to reach, at least, the planned tonnage in a 
certain time period  

- Failure: when the system did not reach the planned tonnage in a certain time period. 

The application of reliability theory in mine design and production scheduling would be illustrated in an 
application developed for the Block Cave mining method. A plan view of a typical Block Cave mine is 
shown in Figure 5. 
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Figure 5 Mining Components of a Block Cave Mine (Calder et al, 2000) 

The mining components of the system shown in Figure 5 are listed as follows: 

- Draw points: 150-600 

- Production crosscuts (Xcuts) : 15-50 

- Crushers: 2-6 

The block diagram reliability model associated with the traditional block cave mine design as shown in 
Figure 5 is presented in Figure 6. 
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Figure 6 Reliability block diagram of a block cave mine 

The block cave reliability diagram is composed out of a subsystem of draw points connected in a structure 
that contains redundancy (k-out-of-n). This structure is connected in series with the production drift to define 
a production crosscut. The production crosscut become a sub system that contains redundancy to produce a 
given production target. One aspect that makes the reliability model of a block cave and panel cave mine 
different are subsystems that contain redundancy at the component level. For example it is observed that the 
draw points in a production crosscut and the crosscuts in the mine contain redundancy. This means that there 
are stand by components at the subsystem level, for example, in a crosscut there could be n draw points 
available and to meet production just k draw points are needed. The interesting part of the model is that the 
amount n-k would depend upon the production target assigned by the production schedule to the mine 
design. For example, if there are 20 draw points in a production crosscut with nominal individual 
productivity of 3,000 tons per month and the tonnage target for the month for the crosscut is 30,000 tons the 
draw points subsystem would be defined by a 10-out-of-20 model. However if the production target goes to 
45,000 tons a month then the draw point subsystem is defined by a 15-out-of-20 model. This is relevant since 
the overall design reliability will be affected by the production target. This simple model shows that in block 
cave mining the mine design and the production schedule are coupled to define the reliability of the mining 
system 

To compute the reliability of a k-out-of-n system a combinatorial approach is needed in which all the 
possible combinations of k out of n draw points are evaluated. Every one of the combinations would be 
connected in series, and all the combinations would be connected in parallel. Thus, a simple binomial 
distribution could be used to compute the reliability of this system. Nevertheless, the components in the 
block panel caving case are non identical, I.e. they show different reliabilities among the set. This 
complicates the calculation and a recursive approached has been introduced by Rubio (2006) in order to 
compute the reliability of this structure. The problem formulation is presented below: 
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n  number of components in the system 
k  minimum number of components that must function for the k-out-of-n system to 

function 
ir  reliability of component i, i = 1, 2, . . . , n 

r  reliability of each component when all components are identical. 
iq  unreliability of component i, ii pq −= 1 , i = 1, 2, . . . , n 

q  unreliability of each component when all components are identical q = 1 − p 
),( niRe  intermediate reliability entry which represents the probability that exactly i out of n 

components are functioning 
),( nkR  reliability of a k-out-of-n system or probability that at least k out of the n components 

are functioning, where 0 ≤ k ≤ n and both k and n are integers 
),( nkQ  unreliability of a k-out-of-n or probability that less than k out of the n components are 

functioning, where 0 ≤ k ≤ n and both k and n are integers, ),(1),( nkRnkQ −=  

Suppose that in a given crosscut there are n  draw points available and depending on the average draw point 
yield and the crosscut production target, k  out of the n  draw points are needed to meet the target. Define a 
subset of i  functioning in series out of n  available as isτ  with niC ,  (where niC ,,2,1 L=τ  is the 
combinatory of n over i) and nik ≤≤ . ( ki <  will not be a feasible system.) Then the reliability of a given 
subset isτ  is 

( )isR τ  = Probability that components ist τ∈ available 

 × Probability that components inst −∈ τ are not available 

( ) ( )∏∏ −∈∈= in
t

i
t stqstr ττ  

Denote the set of all isτ  subsets is by n
iS .Then the reliability of the k-out-of-n system with non-identical and 

independent components is given by  

( ) ( )[ ]∑∑ ∏∏
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stqstrnkR ττ),(  

To solve the above the recursive algorithm developed by Barlow and Heidtmann (1984) is available to 
compute the intermediate entry reliabilities )1,1()1,(),( −−+−= jiRpjiRqjiR ejeje . Then the intermediate 
entry reliabilities are summed to compute the k-out-of-n subsystem reliability as shown below: 

∑
=

=
n

ki
e niRnkR ),(),(  

Incorporating the tunnel or production drift reliability into the above equation the production crosscut 
reliability is computed as follows: ),( nkRRR TCX = , where TR  is the production drift reliability and CXR is 
the crosscut reliability. As an example Figure 7 shows how a subsystem defined by a 10 out of 15 draw 
points behaves reliability wise compared to a 10 draw point connected in series. 
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Figure 7 Comparison between a 10-out-of-15 draw point susbsystem with a 10 draw points 
connected in series. 

One fundamental component of the block cave reliability model has to do with computing the reliability of 
the mining components. The following describes the methodology to compute the reliability of a mining 
component 

3.1 Rate of occurrence of geotechnical events 
For a given collection of mining infrastructure ( S ) such as draw point, production drift, ore pass, compute 
the cumulative number of events )(tN i  over a given tonnage maturity t  of component i  of set S . Compute 
the average of )(tN i  to define )(tM  which would represent the average tendency of S  to experience a 
geotechnical event. Compute the rate of occurrence of geotechnical events for S  as )()( twttM =∂∂ . This 
process has been computed for draw points of three different block and panel cave operations and the results 
are shown in Figure 8. 
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Figure 8 Rate of occurrence of draw points geotechnical events for three operating block and 
panel cave mines 
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Figure 8 shows that there is a similar tendency (decay) for all three observed rate of occurrence of events 
with different intensities for the same maturity. This is highly correlated with the rock mass environment in 
which these operations are working. In fact, there is a direct correlation between )(tw  and the rock mass 
rating.  

3.2 Mining Component reliability 
To compute the reliability of a given mining component the expected number of event in a given planning 
period needs to be estimated. Then, the expected number of events is computed by numerical integration of 

)(tw  over the planning tonnage p
it  committed in the production schedule for a given planning period. 

Having the expected number of geotechnical events N~  one could compute the conditional tonnage 
distribution over the production characteristic curve of the mining component. The production characteristic 
curves represent the trend of production in a given planning period as a function of the number of 
geotechnical events. This curve is often computed as a function of production back analysis or discrete 
events simulations. Then the reliability of a mining component is computed by reading on the cumulative 
probability distribution conditioned to the expected number of geotechnical events 

)~)((),( NtNttPttR p
i

pp
ii =>= . A diagrammatic representation of the process is shown in Figure 9. 

 

 

Figure 9 Estimation of draw point reliability from a production characteristic curve 

After computing the reliability of the mining components these estimates are integrated into the k-out-of-n 
block cave block reliability diagram to estimate the reliability of the whole production system. Thus, a mine 
planner could simulate different production targets passing through the mining system at different stages of 
the mine life as shown in Figure 10. An exercise like this one would allow financial evaluators to assess 
project risk assessment as a function of the inherent reliability of the mining system, rock mass behaviour 
and production targets.  
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Figure 10 Reliability estimates for different production targets at different stages of the life of the 
mine.  

4 DOZ ESZ Extension Case Study 
DOZ mine is currently the most productive Mechanized Panel Cave operation in the world producing 53,000 
tpd and is facing an expansion to accomplish 80,000 tpd by the fourth quarter of 2009. The new mineralized 
zones that are going to be mined in the expansion consists of mainly Diorite rock which is expected to have 
coarse fragmentation and eventually high stress, so maybe the relatively good behavior of the rock mass in 
the past is not going to be the same, therefore, the question of how much reliable is the schedule to reach the 
productive promises is not a question easy to answer. These facts have motivate PT Freeport Indonesia to 
develop a reliability model that could assist mining engineers to visualize potential production bottleneck 
and monitor the effect of different fragmentation on the overall mine production capacity as a result of 
operational geotechnical interferences. 

4.1 Reliability model for PT Freeport Indonesia 
One of the difficulties of the DOZ reliability model is that the mining infrastructure contains a separate 
haulage level that connects with the production level through ore passes. Therefore, the reliability model 
presented before for block caving can not directly be used to assess the DOZ production schedule reliability. 
A diagrammatic representation of the DOZ mine layout is presented as follows: 

Panel 6 Panels with 1 ore pass

Panels with 2 ore passes Haulage circuit 1 (CX-E)

Haulage circuit 2 (CX-W)

Haulage circuit 3 (CX-S)
Crusher 1

Crusher 2

 

Figure 11 DOZ Production and Haulage truck level layout 

The main mining components considered in the model are: 1332 draw points, 37 production drifts, 53 ore 
passes and 3 haulage drifts. It is important to note that the model consider, for each period, only the available 
infrastructure for reliability calculations, according to the development schedules and status (active, closed) 
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of each component. The three dimensionality of the mining infrastructure was solved by adding another k-
out-of-n structure that represents the ore passes connected to a given haulage drift. This structure would be 
connected in series with the k-out-of-n structure of production crosscuts. The following is a representation of 
the model. 

Draw points Production tunnelOre passes

Haulage crosscut

Draw points Production tunnelOre passesDraw points Production tunnelOre passes

Haulage crosscut

 

Figure 12 Reliability block diagram of a complex multi layer panel cave operation 

As an example the rate of occurrence of geotechnical events and the production characteristic curve for draw 
points are presented as follows 
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Figure 13 Rate of occurrence of geotechnical events and production characteristic curves of DOZ 
draw points. 

In order to validate the reliability model there was selected a single production crosscut and for two years of 
historical monthly production the tonnages were played back into the reliability model. The expected 
outcome is to have a constant reliability of 100% since these tonnages were selected from historical 
performance. The results of this analysis are summarized in Figure 14. It is shown that for over 1.5 Mt/month 
the model reliability drops significantly. This is due to the maximum productivity of the haulage truck drift 
which is set to be at that level. There is still undergoing analysis to backup the maximum productivity of the 
haulage truck system in order to update this parameter in the reliability model. 
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Figure 14 One panel historical reliability 

4.2 Mine Design and Production Schedule Analysis 
Once the model has been reasonably validated at the panel and draw point level. The first numerical 
experiment set up consisted of analysing the reliability performance of a production crosscut with one or two 
ore passes. Figure 15 shows that there is no much difference upto 110 Kt/month. Nevertheless the analysis 
showed that with the same level of reliability two ore passes could facilitate the increment of production of 
about 25Kt/month. 
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Figure 15 1 vs. 2 ore passes per production drift 

Note that the free risk tonnage (maximum tonnage with 100% reliability) increases from 100Kt/month to 
125Kt/month, this effect is mainly because the tonnage that comes from the panel has two exists, so each ore 
pass is less stressed. In the other hand, if the planner has to move, for example, 150kt/month from this panel, 
the reliability increases from 25% (one ore pass case) to 55% (two ore passes case). Certainly the above 
quantifications allow the mine planner to make better decisions.  

A second level of reliability analysis desired at Freeport consisted of analysing the effect of development 
delays and unrecoverable geotechnical events faced in critical mining infrastructure. 

Simulation 1: Construction delay at ore pass 

This simulation consisted on analyzing the effect of an ore pass development delay, in particular (LP04S), 
from September 08 to December 08. The results are summarized in Figure 16 
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Figure 16 Simulation 1, three month delay in construction of LP04S 

The decrease in reliability is due to the ore pass LP04N (located in the same panel) that has to support the 
whole panel production instead of just sustaining half o the tonnage. This creates a LP04N very unreliable to 
produce the total panel target and consequently reduces the overall system reliability.  

Simulation 2: Unrecoverable geotechnical event at ore pass 

This simulation scenario consisted in to analyze the impact in the reliability of the schedule the permanent 
closure of the ore pass LP06S (due to a collapse or a non recoverable geotechnical event) in June 2008. The 
results are summarized in the following graph: 
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Figure 17 Simulation 2, LP06 closed in June 2008. 

Reduction in reliability is due to the ore pass LP06S (located in the same panel) has to support all the 
tonnage of the panel (instead divide the panel tonnage: half for LP06 and half for LP06S), reducing its own 
reliability and the whole system reliability value. In this case the failure in the ore pass is non recoverable 
and the system can not recover to normal situation. Additionally, in comparison with simulation 1, in that 
months in which neither Panel 04 nor Panel 06 have two active ore passes (Sep 08, Oct 08 and Nov 08), the 
impact in the reliability values seems to be larger when panel 06 loses redundancy in ore passes and it is due 
to Panel 06 support more tonnage than Panel 04. Eventually, a deeper schedule reliability analysis would aim 
to detectc critical components for the whole ore management system, for a given schedule. 
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5 Discussion and Conclusions 
The understanding of Block and Panel caving as mining systems can be facilitated throughout a reliability 
model that integrates the inherent constitutive behavior of rock mass within the mining system. The 
reliability model integrates mine design, together with the underground development schedule and the 
production schedule to facilitate the assessment of robustness of a given mining system. 

The reliability model showed a high dependency on infrastructure availability and development scheduling 
not much on draw points, so this tool allows quantifying several issues, listed as follows: 

• The productive performance of a block and panel cave mining system does not depend just on the 
draw points available and their production characteristics. To reliably assess the production capcity 
of a complex multi layer mining system the overall infrastructure availability should be considered 
as in the case o block and panel caving haulage crosscut performance are critical to deliver the 
production targets to the crusher.  

• Production and development schedules for panel caving are not independent. Naturally, if the mine 
is not prepared it can’t produce any ton, but the way we prepare the mine impacts in the probability 
of achievement of a given production schedule because the available infrastructure to move out the 
tonnage it’s going to be different for different development schedules. 

It was shown that the reliability model was able to reproduce the historical mine performance with some 
initial parameters. However, it is important to improve the current model by incorporating the actual 
frequency of geotechnical events of ore passes and haulage crosscuts. Also a proposed improvement has to 
do with developing production characteristic curves for production crosscuts that could eventually operate 
with two LHDs and two ore passes. This would provide a whole new range of analysis that are not often 
considered when planning a block cave mine. 

Finally, it can be seen that this tool allows detecting critical components for the ore management system and 
quantifying its impact on the overall mining system. Particularly for the study case analyzed on this paper, 
the production capacity will be highly dependant on the ore management system availability, so another 
issue becomes relevant: infrastructure repair strategies. 
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Abstract 
Rio Tinto is planning to develop a number of large block caves in the coming years. It is recognised that 
planning and optimisation software will be required to test production forecasts early in the development of 
these projects. One such program is the MILP developed as part of the industry sponsored International 
Caving Study. 

The Northparkes Endeavour 48 (E48) optimisation study will allow evaluation of the MILP software for 
further development and use in Rio Tinto. The MILP is being used to identify the production consequences of 
changes in draw strategy, assumed drawpoint and materials handling productivities, and rates of secondary 
breakage. 

This paper describes the development of a subset of the parameters used by the MILP. The major outcomes 
are a preliminary optimised life-of-mine production plan and the identification of areas where additional 
work can refine the parameters used in the optimisation. 

1 Introduction 
It has long been recognised that production scheduling is an important part of operating a profitable mining 
operation. Its importance has increased in recent years as the industry shifts to mining marginal reserves at 
high production rates (West-Hansen et al., 1986; Chanda, 1990). Block caving is gaining favour as one of the 
preferred methods for extracting massive, low grade deposits due to its low unit cost and high production 
capacity. 

Production scheduling in block caving is generally referred to as “draw control”. The objectives of draw 
control are normally separated into short and long term scheduling (Diering, 2004). Short term scheduling 
seeks to adapt to local mining conditions in an effort to achieve monthly targets. Long term scheduling seeks 
to achieve strategic corporate goals through its definition of the monthly targets. It has been recognised that 
long term production scheduling has a major impact on mining economics in addition to its importance in 
establishing realistic production targets (Farahmand and Fine, 1986). 

In practice, a realistic production schedule must achieve forecast production rates while obeying 
geotechnical constraints. Examples of these geotechnical constraints include the minimum and maximum 
drawpoint production rate and the maximum production difference between adjacent drawpoints. These 
constraints combine to determine the draw strategy. The importance of establishing an effective draw control 
system is reflected by the active development of cave scheduling packages (Diering, 2000; Guest et al. 2000; 
Diering, 2004; Rahal and Smith, 2004; Raña et al. 2004; Rubio and Diering, 2004). 

The work of Guest et al. was extended as part of the International Caving Study (Rahal et al., 2003; Rahal 
and Smith, 2004) with the development of a MILP based production module as part of its Integrated Draw 
Control System (IDCS). This paper presents the use of this MILP for the Northparkes, E48 mine 
optimisation studies. It focuses on the data and parameters required to develop a long term production plan 
rather than examining the optimised schedule in detail. 
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2 Optimisation Data 
Input to the MILP can be separated into three categories: cave state, production targets, and system 
constraints. The first of these, cave state, defines the physical mining environment. Examples include 
drawpoint reserves, previous mining history and the connections within materials handling system. The 
second category, production target, specifies both the desired production and the schedule intervals (days and 
months per period). The final category, system constraints, includes drawpoint minimum and maximum 
draw tonnage, the permissible relative draw rate difference between adjacent drawpoints, drawpoint 
availability and the capacity of the materials handling system. 

The E48 MILP study primarily focused on the effect of changing the system constraints. Changes to the 
following constraints were included in the study: different maturity rule systems, minimum draw rate, 
drawpoint availability, varying relative draw rate limits, and varying materials handling system capacity. 

The scope of this paper prohibits a full description of these trials. The goal is to outline the methodology 
used to determine the model parameters which apply to the E48 optimised schedule. The optimisation data is 
presented as follows: 

• E48 Block Cave, insitu cave reserves 

• Production Schedule, the schedule resolution selected for the life-of-mine plan (months per period) 

• Maturity Rules, development of a mm/day based system to mature all drawpoints in 9-12 months 

• Relative Draw Rate Constraints, allowed draw variation between adjacent drawpoints 

• Drawpoint Availability, based on differences in haulage distance 

The parameters used in this study are being refined as the E48 study progresses. Methods for improving the 
optimisation input data are suggested, where appropriate. 

2.1 E48 Block Cave 
The E48 block cave is a proposed expansion of the Rio Tinto Northparkes Mine. Northparkes is a copper-
gold operation situated 350km west of Sydney in New South Wales (Figure 1). Historical production from 
Northparkes includes two open-pit mines and two block caves (E26 Lifts 1 and 2). This third expansion of 
the underground operations will be adjacent to the two E26 caves. Preliminary development of the E48 cave 
has commenced with full production expected to begin in 2010. 

 

Figure 1 Location of the Northparkes Mine (after Betts and Ross, 2005). 
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The current plan is for the E48 cave to produce 5.5 million tonnes per annum (Mtpa) through eight extraction 
drives feeding a single gyratory crusher (Rio Tinto, 2006). The mine is currently reviewing the eight drive 
layout with a view to expanding the design to include two additional extraction drives. An important aspect 
of this review is to assess the productivity of the ten drive layout. Understanding the impact of the materials 
handling system and associated drawpoint productivity levels on the life-of-mine (LOM) plan is critical to 
making the right economic decision. As a result, the MILP study focused on modelling production from the 
updated ten drive layout. A plan view of the cave with associated drawpoint tonnage is shown in Figure 2. 
The drawpoint labelling convention is a combination of the extraction drive and drawpoint names (for 
example ED04S01). Table 1 shows a summary of the basic parameters for the E48 cave. The footprint can be 
characterised as having a high tonnage core oriented in the North-South direction. The legend shows colour 
based on tonnage. 

 

Figure 2 Distribution of insitu tonnage and maturity type within cave. 

Table 1 Summary of the basic operational parameters for E48 block cave. 

Parameter Value 

Number Of Drawpoints 214 

Extraction Drives 10 

Drawpoint Mean Tonnes 199 kt 

Drawpoint Min Tonnes 60 kt 

Drawpoint Max Tonnes 408 kt 

2.2 Production Schedule 
The LOM production schedule for the E48 cave spans 96 months with a target production rate of 5.5 Mtpa. 
The amalgamation of this time span into individual production periods will affect both the size (in memory 
usage on a computer) and time required to solve the optimisation problem. 

A series of trials were carried out to determine a reasonable compromise between period duration and 
optimisation solution time. Schedules with more periods (and fewer months per period) have a higher 
resolution but take longer to solve. The number of months per period increased throughout each schedule. 
Figure 3 shows examples of this stepped increase for the 36 and 60 period trials. The 36 Period schedule has 
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three cycles of twelve periods: each having a period duration 1 month, 3 months, and 4 months. In 
comparison, the 60 Period schedule is less granular with forty-two 1 month periods followed by eighteen 3 
month periods. The figure also shows that both schedules generate schedules that span the same eight year 
interval (circles). 

The solution time for the 30, 36, 48 and 60 Period trials are graphed in Figure 4. These reference trials were 
repeated as additional constraints were added to the production schedule. It is interesting to note that adding 
the drawpoint minimum draw rate constraint to the production schedule decreased the time required to find 
an optimum solution for three of the four schedules (diamonds). The 36 Period schedule was dropped from 
the study after the baseline trials so there is no solution time data for the additional of the minimum draw rate 
constraint. 

The rapid solution time for the 60 Period trial indicated that it should be possible to optimise the full life-of-
mine schedule using single month periods. However the optimisation model would not load on the computer 
with 1 Gigabyte of RAM. It is possible that a hardware upgrade later in the study will enable the solution of 
a schedule based solely on single month periods. 

 

Figure 3 An example of how months are agglomerated into production periods. 

 

Figure 4 Effect of the number of periods on solution time for the baseline case and addition of 
minimum draw rate constraints (circle and diamonds respectively). 
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2.3 Production Ramp-up 
Maturity rules (also referred to as production rate curves; Diering, 2000) regulate the maximum drawpoint 
draw rate based on the depletion of reserves above a drawpoint. As the cave is initiated, the maximum draw 
rate must balance production rate with cave propagation rate to ensure that a large airgap does not form 
above the broken rock mass. The impact of draw rate on fragmentation must also be considered as it has 
been suggested that there is a relationship between draw rate and secondary fragmentation within the cave 
(Laubscher, 2000).The changes in draw rate are normally classified as ramp-up to full production, steady 
state production and ramp-down to drawpoint closure. The ramp-up duration is often quoted in terms of 
either time (months) or percent draw (both height and tonnes). For the E48 study the stated goal was to 
mature all drawpoints after mining for 9 to 12 months. The following two sections show the effect of 
applying a global daily draw rate (Time Based Drawpoint Ramp-up) and the application of the maturity rule 
systems within the MILP (Production Based Drawpoint Ramp-up). 

2.3.1 Time Based Drawpoint Ramp-up 

The E48 Pre-feasibility study used a time based global ramp-up regime as shown in Table 2. All drawpoints 
were mined at a fixed production rate for each quarter in the first year. One possible handicap of using this 
system with the wide range of draw column tonnages (60 to 408 kt, Table 1) in the E48 cave is shown in 
Figure 5. At the end of the first year over 20% of the draw columns have been depleted by a third. The draw 
columns with low insitu tonnage will close much earlier than the columns with higher tonnages. 

The contrast between the time-based (month) and the depletion-based (maturity) systems can be illustrated 
by selecting a depletion percentage for drawpoint maturity. Figure 6 shows a histogram of the time required 
for drawpoints to reach maturity if the depletion threshold is 7%. (A threshold of 7% was selected because it 
ensures that all drawpoints reach full production in the first twelve months). It can be seen that the majority 
of the drawpoints reach maturity well before the target of 9 to 12 months. Increasing the maturity threshold 
shifts the histogram to the right as all drawpoints take longer to mature if the maturity threshold is increased. 

The E48 MILP study has chosen to apply a maturity system based on depletion status (x-axis) and vertical 
draw rate in mm per day (y-axis). Five maturity profiles were used to ensure that all drawpoints reached full 
draw after 9 to 12 months production. Drawpoints with a low tonnage were constrained by “slower” maturity 
rules while high tonnage drawpoints were governed by the more aggressive, “steep” maturity profiles. 

Table 2 Time based drawpoint ramp-up 

Month t/d mm/d 

1-3 50 69 

4-6 70 96 

7-9 90 123 

10-12 120 164 

12+ 200 274 
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Figure 5 Plot of drawpoint depletion after first year of production using original ramp-up. 

 

Figure 6 Number of drawpoints reaching full maturity per period (depletion threshold 7%). 

2.3.2 Depletion Based Drawpoint Ramp-up 

The MILP model allows maturity profiles to be assigned on a drawpoint-by-drawpoint basis if required. 
However it is more common to assign different maturity profiles to groups of drawpoints depending on insitu 
reserves and/or local geology. The mechanism driving ramp-up variability in the E48 operation is the large 
variation in column heights (hence highly variable insitu reserves) as shown in Table 1 and Figure 2. 

Preliminary trials using the MILP indicate that five maturity classes (Figure 7) can be used to ensure that all 
drawpoints reach full production in 9 to 12 months. The legend in Figure 7 shows the depletion level where 
full maturity is reached (i.e. maximum draw rate of 200 t/d). The effect of these maturity rule profiles on 
drawpoint ramp-up duration can be seen in Figure 8. All drawpoints reach maturity within the target interval. 

The use of this differential ramp-up smoothes depletion rates across the cave by holding back production in 
low tonnage drawpoints. This weakens the effect that the maximum drawpoint production rate has on 
ensuring even draw. (The original drawpoint ramp-up scheme ensured even draw by restricting all 
drawpoints to the same production rate.) However, even draw is maintained by applying the relative draw 
rate constraints described in the next section. 
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Figure 7 Plot of different ramp-up (maturity) profiles for drawpoints within the E48 cave. 

 

Figure 8 Number of drawpoints reaching full maturity per period (five depletion based 
maturity types). 

2.4 Relative Draw Rate Constraints 
The relative draw rate (RDR) constraints are a fundamental part of ensuring that even draw is maintained 
across the cave. It does this by limiting the difference in draw tonnage between adjacent drawpoints. The 
benefits of maintaining even draw are twofold: it ensures that weight from the cave does not damage pillars 
by preventing point loading, and it minimizes dilution by prohibiting isolated draw within the cave. 

Even draw does not require all drawpoints to produce at the same rate. Typical relative draw limits for a 
proportional Height-Of-Draw strategy range between two and four times the production of neighbouring 
drawpoints. In the E48 MILP study, three ratios of relative draw were tested: 0.5 to 2.0, 0.375 to 2.67 and 
0.25 and 4.0. These bound pairs reflect tight, intermediate and maximum binding limits respectively. 

Preliminary trials indicated that the large column height differences needed to be recognised when 
developing the E48 draw strategy. The best production results were achieved by enforcing a tight bind to all 
drawpoint pairs for the first twelve months (0.5 to 2.0). After the first year, the relative draw rate binding was 
varied as shown in Figure 9. The numbers associated with each draw column correspond to the maturity 
profile types shown in Figure 7. The faint lines represent the tightest relationship pairs. The lightest are the 
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relative draw rate constraints with an intermediate bind. Finally, the maximum RDR constraints are indicated 
by the darkest lines between drawpoints. 

The RDR constraint type was assigned based on the difference in the maturity rule type assigned to the 
drawpoint pairs. If the pair shared the same maturity type (roughly the same tonnage), the tight bind was 
applied. If the drawpoint pair were of adjacent maturity types (for example 7% and 10% maturity depletion 
values), then the intermediate RDR values were used. Finally, if the drawpoint pair had a large difference in 
maturity type, the relationship was loosened to the maximum of 0.25 to 4.0. 

The relative draw rate limitations for the E48 mine were based on rules of thumb and practical guidelines 
from previous MILP studies. Rio Tinto is undertaking REBOP modelling in an attempt to quantify the effect 
of different RDR constraint levels on material flow within the cave. 

 

Figure 9 Schematic of different maturity types and different relative draw rate bounds. 

2.5 Drawpoint Availability 
Drawpoint availability can have a significant effect on both the ability to achieve a production target and to 
maintain the ideal cave depletion profile. The three main factors affecting drawpoint availability considered 
in this study were haulage distance, secondary breakage, and LHD interaction in the southern extraction 
drives (ED07 to ED10). The E48 extraction layout and distribution of relative drawpoint availability within 
the cave are shown in Figure 10. 

 

Figure 10 The distribution of drawpoint availability within the E48 cave. 
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The effect of haulage distance on drawpoint availability was estimated using mineHAUL. The relative 
capacity modifier for each drawpoint was calculated as a ratio of drawpoint haulage distance to the shortest 
haulage distance. This resulted in drawpoints closer to the tip having a higher availability (total capacity). 

The effect of secondary breakage on drawpoint availability was investigated by using the fracture frequency 
domains (FFD) within the cave to estimate oversize and hang-up frequency. The draw columns above each 
drawpoint were separated into 50m slices and classified according to their FFD. The preliminary secondary 
breakage analysis indicated that differences in the FFD were not enough to cause a significant difference in 
drawpoint availability. 

The effect of LHD interaction has not been addressed to date. As part of continuing E48 optimisation studies 
Arena will be used to investigate the effect of both secondary breakage and LHD interaction on drawpoint 
availability. The results of the Arena study are expected to supersede the drawpoint availability estimates 
currently used within the MILP. 

3 Optimised Production Schedule 
The optimisation constraints described above are among the most important of those that limited cave 
production. Additional constraints on the production system include materials handling system capacity, 
drawpoint minimum production rate, and LHD run-in (availability during the first year of production). A 
series of thirty optimisation runs have been carried out to date as part of the MILP scheduling project. 
Figure 11 shows the current optimised LOM schedule for the E48 cave. 

 

Figure 11 An optimised LOM production schedule for the E48 mine. 

It can be seen that the cave ramps up to its target production during the first seven months. It maintains this 
rate for most of the cave life. The step change in production occurs because the number of months per period 
increases from one to three in Period 43 (Figure 3, 60 Periods). The average monthly production for the three 
month periods is shown as the dashed line for comparison to the single month periods. 

The drop in production towards the end of the schedule (Periods 56 to 60) results from the MILP balancing 
requested production with maintaining a smooth cave shape to reduce dilution from overlying waste. The 
current objective function rewards maintaining production less than maintaining cave shape in the later 
periods of the schedule as geotechnical considerations take precedence in the current formulation. 
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4 Conclusions 
As part of the continuing optimisation of the E48 mine plan, a MILP optimisation model is being used to 
examine the impact of different production constraints on total cave capacity. The strength of using the 
MILP lies in its ability to generate realistic production schedules that require little manual manipulation. This 
paper gives an overview of the process by which realistic constraint parameters are being determined for 
inclusion in a LOM production schedule. 

 It was found that the relative draw rate (RDR) limit, drawpoint availability and the materials handling 
system all have the potential to affect production rate. The RDR limits were based on empirical rules of 
thumb and previous MILP experience. The present drawpoint availability and capacity limits on the 
materials handling system warrant additional refinement before the end of the project. These input 
parameters will be refined by using both REBOP and Arena. REBOP will be used to quantify the effect of 
the current 0.25 to 4.0 and 0.5 to 2.0 relative draw limits on material flow. Arena will be used to include both 
secondary breakage and LHD interaction within the LOM schedule. It is also expected that a hardware 
upgrade will allow a complete LOM schedule to be developed based on single month periods. 
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Abstract 
A block cave mine is a complex system with numerous factors and interdependent sub-systems affecting its 
production capability. Although computer simulation is not a new production and optimization analysis 
technique in block cave mining, few simulation studies have considered detailed geotechnical and draw 
control considerations in addition to equipment capacity and availability constraints. This paper presents 
the application of these and other constraints in a simulation study of PT Freeport Indonesia (PTFI)’s Deep 
Ore Zone (DOZ) / Ertsberg Stockwork Zone (ESZ) block cave mine. It also illustrates the necessity of 
undertaking a simulation model to accurately estimate the mine’s performance and highlight the potential 
pitfalls using deterministic models in evaluating the productive potential of block cave mines.  

1 Introduction 
PTFI’s DOZ / ESZ block cave mine, located in the province of West Papua, Indonesia has been in 
production since year 2000. The mine initially started out as a 25,000 tonnes per day (tpd) operation, using 
mechanised block cave mining methods. Since then, various opportunities have been identified and studies 
were undertaken to increase ore production to 35,000 tpd; 50,000 tpd; and most recently, 80,000 tpd.  

With the planned increases in production, additional load is placed on the existing ore handling systems and 
mine infrastructure. In order to validate the ore handling system’s capability and to analyse the effect of 
geotechnical data in new mining areas, PTFI decided to include a simulation study as part of the overall 
80,000 tpd DOZ / ESZ feasibility study. The simulation model provides a check of the design capacities and 
draw rate and identifies any potential bottlenecks in the production system.  

2 Systems Thinking 
Simulation is fundamentally an application of the “systems approach” or “systems thinking.” Nearly all of 
the tools of operations management (with the exception of simulation) have been developed to address 
detailed complexity and provide little assistance to deal with dynamic complexity. Dynamic complexity 
arises when cause and effect are distant in time and location and when many consequences of actions are 
unintended. Systems thinking provides us with a language to understand, analyze, and communicate 
situations that involve dynamic complexity. A system is typically defined as a collection of parts that interact 
with each other to function as a whole. In order to model the DOZ / ESZ production system in detail, the 
following sub-systems were identified. 

• Extraction Level 

- Drawpoints 

 Daily Draw Rate 
 Fragmentation / Geotechnical Data 

- LHD Operations 
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- Secondary Breakage Equipment 

 Medium and Low Reach Drill Rigs 
 Non-Explosive Boulder Breaking Drills 
 Stationary Rock Breakers, Mounted on each Grizzly 

- Orepasses 

- Chute Feeders 

• Haulage Level 

- Haul Trucks 

- Conveyors 

• Primary Crushing Systems 

• Conveying to Surface 

Each of these sub-systems, or elements, is interdependent. In other words, any delay or interference 
(e.g., maintenance, out-of-ore condition) of a single element will have an effect on another element, unless a 
sufficient buffer exists between the elements. Each element has a mechanical availability, determined by 
both planned and unplanned maintenance; an element’s average throughput through the system is a function 
of its availability, utilization, and capacity. 

3 Objective 
The simulation model simulates and evaluates the ore handling system of the proposed 80,000 tpd 
DOZ / ESZ block caving operation. PTFI decided to analyze year 2006 (for model validation), and years 
2010, 2012, and 2014 (since the production plan is to produce the planned maximum tonnage in these years). 

The model was constructed using the Arena simulation software and was utilized for evaluating changes in 
ore handling productivity. Such changes may be the result of ore handling and process equipment capacities, 
the number of available drawpoints, ore fragmentation, and mine operating procedures. 

Preparation of the ore handling simulation was accomplished by completing the following actions. 

• Acquiring an understanding of the production, secondary breaking, and material handling arrangements 
proposed for the mine. 

• Conceptualizing and developing accurate graphic and mathematical models of the ore handling system. 

• Preparing Arena simulation code necessary to depict the model graphics and mathematics in computer-
executable code. 

• Defining input and output requirements of the model. 

• Verifying that the Arena code accurately portrays the model. 

• Validating that the model accurately represents the proposed operations. 

3.1 System Description 
Figure 1 illustrates the DOZ, DOZ West, and ESZ mining areas. Included in this figure are colour 
designations between Skarn and Diorite rock types. This distinction was used as a basis for identifying 
differences in rock fragmentation characteristics. The layout is an offset herringbone arrangement of the 
Extraction Level for DOZ / ESZ and contains 1,324 drawpoints and 55 orepasses, including 39 panels.  

The planned layout provides a maximum of 25 drawpoints in a panel drift section being served by one LHD. 
The model includes special procedures for loading wet muck with a remote LHD. PTFI identified drawpoints 
that are currently classified as “wet” and are expected to contain wet muck. The wet drawpoint 
classifications change dynamically for each year that the model is run. Wet drawpoints, as well as the 
adjacent two drawpoints, are mucked using remote LHDs. Remote LHDs are assumed to have the same 
operating parameters as a manual LHD, except loading duration is assumed to be twice that of manual LHD 
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loading, significantly reducing its production potential. Each orepass is equipped with a grizzly to prevent 
entry of oversize rocks. Stationary rock breakers are installed at each grizzly to reduce oversize.  

 

 

Figure 1 Mining Footprint 

Drawpoint availability is a key consideration in accurately modelling a block cave mine operation. In this 
regard, it is noted that the Call & Nicholas, Inc. (CNI) memorandum titled, DOZ – ESZ 80k expansion – 
Revised Fragmentation by Year, dated September 2006, was utilized to develop drawpoint hang-up criteria. 

To establish drawpoint availability, the three most common causes of drawpoint downtime are typically 
defined as high, medium, and low hang-ups; maintenance; and drawpoint oversize. Such hang-ups are 
typically relieved by a conventional drill and charging apparatus (Commando). Drawpoint oversize is 
defined as rocks in the muck pile too large for the LHD loading in the drawpoint to handle. Generally, this 
oversize ranges from 2 m3 to 10 m3. It is assumed that crews will be allowed to enter unoccupied drawpoints 
in a drawpoint panel where an LHD is loading, in order to drill and blast oversize rocks using Commandos. 

Low hang-ups and drawpoint oversize will require drilling and blasting in the drawpoint before it becomes 
available for production. These conditions are addressed in the simulation study by probability distributions, 
which are defined for the tonnage drawn from a drawpoint before it hangs up, and are directly used as input 
to the simulation model. CNI updated the fragmentation data and hang-up frequency by rock type (Table 1). 
The drawpoint oversize was calculated from the CNI fragmentation curves.  

Table 1 Hang-Up Frequency by Rock Type by Year (Tonnes between Events) 

Rock Type Year High 
Hang-Ups * 

Medium 
Hang-Ups 

Low 
Hang-Ups 

Drawpoint 
Oversize 

Skarn 2006 149,700 1,000 1,514 162 
Skarn 2010 165,400 1,100 1,499 198 
Skarn 2012 169,100 1,200 1,499 247 
Skarn 2014 172,500 1,300 1,496 267 
Diorites 2006 N/A N/A N/A N/A 
Diorites 2010 59,100 700 775 65 
Diorites 2012 115,900 1,000 897 65 
Diorites 2014 155,300 1,200 996 70 

* High hang-ups were not considered in the simulation model due to low frequency. 
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Oversize can be drilled, charged, and blasted within the operating shift. However, low and medium hang-ups 
will be drilled when the LHD surrenders the panel and will only be blasted between shifts. The model allows 
for three conventional blasting periods per day, occurring during shift changes. 

Further secondary breaking is performed on the grizzly by stationary rock breakers. Each grizzly is assumed 
to have a finite capacity of oversize rocks, and if the maximum capacity is reached, the simulation model 
will prevent an LHD from dumping. 

Secondary blasting and breaking size distribution analysis provides a breakdown of the successive secondary 
drilling and blasting of low hang-ups, blasting / breaking drawpoint oversize, and rock breaking required to 
move the daily production from the drawpoints to the truck haulage system. Using the CNI fragmentation 
curves that PTFI provided, size distribution curves were prepared for each mining year in the Skarns and 
Diorites. The table for Skarns in 2006 is presented in Table 2. Figure 2 presents the results of the secondary 
blasting and breaking size distribution estimates graphically for the Skarns in years 2006. These curves 
depict the stepping down in size of the daily production through each of the sizing procedures. 

Assumptions were made to distribute treated material after each sizing process (Table 2). The average aspect 
ratio of a typical block was provided by CNI at 2.46 for the Skarn and 2.76 for the Diorite. For the purposes 
of breaking blocks on the grizzly, it was assumed that 25% of the material dumped on the grizzly would pass 
due to effective dumping by the LHD operator, since the criteria for passing on the grizzly was based on the 
long-side of the block rather that the short-side. This is a factor agreed to by PTFI prior to completing this 
analysis. 

Table 2 2006 Average Skarn Sizing Distribution 

Aspect Ratio = 2.46

Particle distributions averaged over entire column height.
Volume m³ 0.0009    0.165       1.000         2.000     10.000   45.500   165.000   316.000  
Short Side m 0.071      0.406       0.741         0.933     1.596     2.645     4.063       5.046      
Longest Side m 0.175      1.000       1.822         2.296     3.926     6.506     9.995       12.412    
Avg. % Passing 42.5        66.3         78.8           83.2       92.8       98.5       100.0       100.0      

Summary of Table
Criteria 
(Side-m) Volume - m³ % Passing

Passing Crusher 0.203       0.001           42.47       
Passing Grizzly 1.000       0.165           66.31
Passing Oversize 2.296       2.000           83.16
Passing Low Hangup 3.926       10.000         92.81
Passing Medium Hangup 6.506       45.500         98.49
Passing High Hangup 9.995       165.000       100.00
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Figure 2 2006 Skarn Secondary Fragmentation Estimates – Average 

Orepasses are connected to the Haulage Level from the Extraction Level. Trucks are loaded by chutes on the 
Haulage Level (Figure 3) and are then dispatched from the crusher dumps to orepass locations along the 
DOZ / ESZ Haulage Drifts. Priority is given to orepasses with the highest tonnage in order to minimize LHD 
dumping delays on the Extraction Level. Trucks are only dispatched to orepasses that contain at least a full 
truckload; therefore, trucks will always be loaded to capacity. 

A second gyratory crusher was incorporated into the ore flow design to provide additional crushing capacity 
and flexibility in the overall material handling system. The additional overall crushing capacity mitigates the 
coarser fragmentation expected from the Diorites later in the mine life. After Crusher No. 2 is commissioned 
in 2007, when one crusher or the other is unavailable or underutilized, provisions have been made to direct 
haulage trucks to the other crusher through a haulage loop connection drift driven between Crusher No. 1 
and Crusher No. 2. From the haulage truck layout, it is assumed that three dump positions are available at 
Crusher No. 1 and two at Crusher No. 2. As soon as a truck is finished dumping, it moves to the back of the 
dump, allowing following trucks access to the dumps. 

Ore is dumped directly from haulage trucks into a 500-tonne capacity bin above Crusher Nos. 1 and 2, which 
are both assumed to have a maximum throughput rating of approximately 2,500 tonnes per hour. 

Crusher, conveyor, and feeder availability are incorporated into the simulation model, and operating 
parameters are altered by use of the input sheets. The conveyor availabilities were based on actual data 
collected over the past five years, which were averaged for the model’s input. 

Crushed ore is loaded onto a set of transfer conveyors, which conveys it to surface stockpiles. The ore flow 
system is illustrated schematically in Figure 4. 
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Figure 3 Haulage Level Layout 
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Figure 4 Ore Flow System Diagram 

The simulation model includes a two-dimensional colour animation of all drawpoint drifts (Figure 5). The 
animation was used in the model verification process and includes the following features. 

• LHD movement along panel drifts, loading, dumping 

• Dynamic drawpoint status display (e.g., Available [Dry or Wet], Low Hang-Up Incurred, Medium Hang-
Up Incurred, Draw Limit Reached, Brow Maintenance, Roadway Maintenance) 

• Drill rig operating in drawpoint 

• Orepass levels 

     Existing DOZ Haulage 

     Proposed ESZ Haulage 
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• Truck haulage, loading, dumping 

• Material handling system schematic, including status display (e.g., Operating, Scheduled Maintenance, 
Unscheduled Maintenance [unplanned failures]) 

 

 

Figure 5 Arena Animation Example 

3.2 Simulation Results 
Table 3 summarizes the total (including spare units) primary production units required for years 2006, 2010, 
2012, and 2014. Table 4 shows the average number of drawpoints in each status at the end of shift. 

Table 3 Total Primary Production Summary 

Description Unit 2006 2010 2012 2014 

Required – Manual Loader tpd 30,839 19,571 41,829 58,580

Sim Result – Average – Manual Loader tpd 30,845 19,569 41,775 58,459

Required – Remote Loader tpd 11,932 57,329 35,669 21,073

Sim Result – Average – Remote Loader tpd 11,925 56,912 35,621 20,196

Total Required tpd 42,771 76,900 77,498 79,654

Simulation Result tpd 42,767 76,481 77,390 78,640

Production Difference t -4 -419 -109 -1,014

1. LHDs    

Number of Manual LHDs ea 10 6 11 18

Number of Remote LHDs ea 6 17 11 7

Total Number of LHDs ea 16 23 22 25

Extraction Level LHD Utilization % 65 81 84 87

Average Tonnes per LHD per day  2,673 3,325 3,518 3,146
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Description Unit 2006 2010 2012 2014 

2. Trucks    

Tonnes per Truck per Day t 3,888 3,824 3,869 3,932

Number of Trucks ea 11 20 20 20

Truck Utilization % 90.2 95.7 93.5 96.9

3. Orepass Stations    

Average Rock Breaker Utilization % 25.7 35.9 42.6 57.4

Production Loss Due to Blocked Grizzly % 0.7 1.7 5.4 11.3

4. Secondary Breaking and Drilling    

Number of Medium Hang-Up Drills ea 2 2 2 2

Number of Commandos ea 5 10 14 18

Medium Hang-Up Drill Utilization % 39.0 74.5 69.9 61.7

Commando Drill Utilization % 62.6 70.5 76.6 63.8

5. Crushing    

Crusher No. 1 Utilization % 52.9 58.9 47.7 32.5

Crusher No. 2 Utilization % 0.0 37.1 50.1 67.5

Table 4 End-of-Shift Drawpoint Status Summary 

Year 
Description Unit 

2006 2010 2012 2014 

Available – Dry ea 161 145 276 296 

Available – Wet ea 52 211 151 83 

Drawpoint Oversize ea 15 31 41 14 

Low Hang-Up ea 5 15 14 14 

Medium Hang-up ea 7 35 20 21 

Draw Limit ea 117 129 124 98 

4 Pitfalls of Deterministic Models 
It can be argued that the results in this paper could have been calculated using deterministic methods instead 
of a simulation model. The most common deterministic (static) method employed when calculating 
equipment requirements in mining is the spreadsheet. The limitation of the spreadsheet is not so much the 
inclusion of the element of variance (based on statistical distributions) to model process times etc., as this 
can be incorporated with commercial software packages such as @RISK; rather, the limitation is the element 
of time that cannot be incorporated sufficiently into spreadsheets. This leads to invalid assumptions when 
systems are analyzed using deterministic models. To illustrate this, a typical LHD cycle is analysed below. 

An efficient and productive LHD is probably the most important factor for a block cave mine to achieve its 
target tonnage. Table 5 describes a typical LHD operating cycle. The “Deterministic Model” column 
describes whether the component of the cycle can be accurately quantified with a deterministic (spreadsheet) 
model, and the “Simulation Model” column shows whether it can be quantified using a simulation model. 
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Table 5 LHD Cycle quantification possibilities  

Description 
Deterministic 

Model 
Simulation 

Model 
Variance in 

Duration 

Load Time Yes Yes Yes 

Travel Full Yes Yes Yes 

Wait to Dump – Congestion No Yes Yes 

Wait to Dump – Grizzly Blocked No Yes Yes 

Wait to Dump – Orepass Full / Hung-up No Yes Yes 

Dump Time Yes Yes Yes 

Travel Empty Yes Yes Yes 

Wait for Ore – No Drawpoints Available for 
Loading No Yes Yes 

Relocation travel time No Yes Yes 

Maintenance / Failure Downtime  Yes Yes Yes 

Travel time, Shift Breaks, Pre-Shift 
Inspection Yes Yes Yes 

Simulation results from the DOZ / ESZ study reveal the following typical LHD cycle (Figure 6). 

 

Figure 6 Typical LHD Cycle Summary 

Derived from Table 5 and Figure 6, the stochastic components of a typical LHD cycle is a total of 33.0% 
(4.6% + 6.7% + 1.6% + 19.6% + 0.5%). This equates to over 2 hours of a LHD’s cycle per shift with 
6.5 hours of effective operating time. In other words, it can be concluded that in this case, there is a 33% 
chance of over / under estimating the LHD fleet if a static (deterministic) calculation is used. The same 
reasoning can be followed for all mobile equipment in the mine’s fleet. 
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5 Study Conclusions 
The results presented herein represent the optimized fleet of equipment for each year of production that was 
assessed. The criterion to be met was the planned sustainable daily production rate. 

The results for years 2010, 2012, and 2014 indicate that production could fall short by 0.5%, 0.1%, and 
1.3%, respectively. The reasons for the shortfall are mainly due to incompliant drawing of panels. 

The incompliance could be caused by various factors, including, but not limited to, the following. 

• Excessive number of active drawpoints in the panel (too many for an LHD to load). In a few instances, 
there are up to 19 drawpoints in a panel drift, all being classified as “wet,” which cannot be productively 
serviced by a single LHD. 

• Cumulative draw tonnage of panel is too high for an LHD capability. High frequency of drawpoint 
oversize (especially Diorite drawpoints) reducing drawpoint availability. 

• Long tram distances to orepass location. 

• High percentage of blockage at each grizzly (year 2014). The coarser material expected increases time 
necessary to break rocks at the grizzly and decreases LHD efficiency. 

The objective of this model is not to optimize the production schedule; rather, to identify panels that are 
predicted to fall short of the planned draw rate. Plans could be implemented to counteract panel 
incompliance, including a revised draw rate schedule, drawpoint development schedule, and additional rock 
breaking (grizzly) capacity or other more drastic measures (e.g., layout changes). 

The 2006 PC-BC plan was used to validate the model, and the results compared to actual site data. The 
DOZ / ESZ 80,000 tpd team confirmed that results were on par with current equipment fleets and data 
measured on site. The simulation result for the production quantity was within 0.01% of the actual data. 

In 2010, the fragmentation and resulting frequency of hang-ups and drawpoint oversize worsens as the 
percentage of production in Diorite increases to 45%. This is also apparent in the percentage of LHD 
production time lost to blockage at each grizzly, increasing from 0.7% to 1.7%. 

In 2012, mining in Diorite increases to 74.5%. This increases the frequency of hang-ups and drawpoint 
oversize, such that the number of drill rigs required to treat drawpoint oversize increases from 10 units to 14 
units. The percentage of LHD production time lost to blockage at each grizzly increases from 1.7% to 5.4%. 

In 2014, mining in Diorite increases to 90%. Again, this increases the frequency of hang-ups and drawpoint 
oversize, such that the number of drill rigs required to treat drawpoint oversize increase from 14 units to 
18 units. Due to the large volume of coarser Diorite, the percentage of LHD production time lost to blockage 
at each grizzly increases significantly from 5.4% to 11.3%. Associated with this is very high rock breaker 
utilization in 2014. The model shows average rock breaker utilization at the orepasses in ESZ Panels 01, 02, 
and 03 of 99% (of effective operating time). 

The crushers and ore handling systems indicate adequate capacity to handle target production in all of the 
years under study in this paper. The maximum utilization of Crusher No. 1 is 59% (2010), and Crusher No. 2 
is 65% (2014). 
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ABSTRACT 
Commercial software products collect and store data necessary to fulfil their specific functions such 
as production reporting, mine planning, and cost accounting. Information Technologies named 
Data Warehousing (DW) and Data Mining (DM), developed in other industries, are designed 
specifically to integrate multi-vendor, multi-purpose databases into a structured logical data 
infrastructure, then apply analytical tools to facilitate the extraction and/or quantification of 
unrecognized patterns and behaviours. A DW specifically for block cave investigation was 
developed with real data and tested through the investigation of secondary blasting requirements as 
an indicator of draw point reliability. DM and Object quantified a relationship that also generally 
identified that rock type, location, Height of Draw, and volume mucked are the leading factors that 
influence secondary explosives consumption for oversize.  

1 Introduction 
Draw point flow reliability is one of the key variables in block cave mine planning. Reliable flow is 
dependent on rock fragmentation. Accurate prediction of the drawpoint reliability at the draw points 
at the different heights of draws (HOD) would lead to a more reliable short-term mine plan. The 
mine plan includes setting manpower levels, equipment selection, explosives inventories, and other 
important decisions. Relatively recent open-source developments in information technology would 
allow new prediction tools to empirically determine draw point reliability to compliment the 
commercial fragmentation distribution prediction tools.  

Most block cave operations use several operational and mine planning information technologies to 
support their mining operation, such as Fleet Management Systems (i.e. Dispatch®), Planning 
Packages (i.e. PCBC), Enterprise Systems (i.e. Ellipse), etc. Most operations also collect and record 
important variables such as: rock fragmentation measurements at the draw points, hang-up 
occurrences and types, and amount of explosives used to clear the hang-ups and oversize. This vast 
amount of data is often kept in separate unlinked databases. However, the data contains valuable 
information. Data integration and data mining can be used to reveal the valuable information hidden 
in historical operational and planning data through the discovery of patterns and relationships. 
Improvements in mine planning can be developed using the knowledge extracted from this 
uncovered information.  

The following is a description of ongoing research to develop the tools and techniques necessary to 
enrich data into information, from which knowledge can be gained which in turn can be used the 
reengineer work processes to sustainably induce fact-based action. This particular research project 
established a data warehouse of block cave mine records which can be used as the kernel of a larger 
empirical data-driven infrastructure for block cave research. Real operational data from the PT 
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Freeport Indonesia DOZ mine was integrated into a flexible data warehouse. The design of the data 
warehouse was then tested by applying analytical tools (data mining).  

2 Block Cave Fragmentation 
Gaining the ability to predict fragmentation reporting to draw points is crucial because many 
engineering decisions are based on this key variable (Brown, 2000). According to Laubscher 
(1994), these include: draw point size and spacing, equipment selection, draw control procedures, 
operational blasting requirements (hang-ups and oversize), in-draw-column comminution processes, 
and costs. Achievable production schedules/budgeting is particularly affected by draw point 
reliability which is arguably largely controlled by fragmentation. The importance of this issue has 
resulted in many commercial fragmentation prediction packages for mine planning such as: 
Simblock, MakeBlock, StereoBlock, Block Caving Fragmentation (BCF), Core2Frag, FracMan, 
JKFrag among others. Some direct fragmentation distribution measurement techniques through 
digital photo analysis and subjective assessments have also been used. According to Brown (2000), 
existing prediction tools and techniques show significant discrepancies when compared with actual 
(Brown, 2000). More empirically-based modeling may be available due to the accumulation of vast 
quantities of detailed production records.  

3 Secondary sizing practice in DOZ mine and data collection 
There are four mechanisms for handling rock fragments of different sizes in the DOZ mine (Flint, 
2005): 

1. Direct dumping ore (< 1m3): rock fragments that pass directly through the grizzly are 
dumped directly into the orepass by the LHDs. 

2. Medium rock fragments (1 - 2 m3): small enough to be loaded and transported by the 
LHD but require the rock breaker at the grizzly to further reduce the boulders so that 
they can pass through the grizzly openings. 

3. Big rock fragments (> 2m3): too large to be trammed by the LHD but safely accessible 
from the draw point entry by the secondary blasting machines. These rocks are drilled 
with Sandvik Tamrock Commando drills, then loaded with 32 mm cartridge explosives 
(henceforth referred to as E32). 

4. Hang-up: occurs due to large interlocking fragments in the draw bell. A bundle of 
explosive containing 4 to 5 sticks of 55 mm cartridge explosives (henceforth referred to 
as E55) are placed next to the possible weakest interlocking point then blasted from a 
safe distance. 

The time, date, number and type of explosives used for secondary blasting in the DOZ Mine is 
recorded and stored in a centralized database named DOZBase. LHD production records are 
collected by Dispatch® are also copied and stored in DOZbase. Several other important variables 
are kept in this database. DOZbase is a locally developed centralized database designed for 
centralized web-based reporting and is used for data transfer between systems such as PCBC or 
CMS with Dispatch®. When this centralized data source is conceptually mapped then integrated 
and other data sources added, it can become a data warehouse available for complex analyses. For 
example, using production and secondary blasting data to determine likely draw point reliability 
(DPR). However, these two data sources alone have many potential variables that may impact on 
DPR. Due to the massive volume of data, most of human brains are not able to correlate and 
analyze these mountains of data sets, effectively and efficiently, without the help of artificial 
intelligence systems (Han, 2006). Data mining is a source of analytical tools that can enable mine 
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planners to do complex and non-linear analyses on multiple large data sets collected from 
contemporary block cave mine operations, effectively and efficiently.  

4 Data Warehouse (DW) and Data Mining (DM) 
Data warehousing technology was developed to store massive data sets and enable the linking and 
analysis of tables from different source systems (multi-vendor environments), for example, linking 
accounting information with FMS. The automated functions used in populating a data warehouse 
are known as Extract Transform Load (ETL) or Data Transformation Services (DTS). Figure 1 
illustrates this process. The source data is initially extracted from commercial source systems at 
defined periods into temporary staging tables. The data is then transformed by correcting errors and 
translating the data into a consistent conceptual model and format. For example, in source data from 
different systems, the date can be textual (July 1st, 2006), numeric (07/01/06), or in code (37809). 
Unless otherwise told, the database would not know that these are the same dates. Similarly, the 
conceptual links between two previously disparate tables are programmed. For example, the date of 
a secondary blast in a particular location (draw point in a particular panel), is linked to a date and 
location concept that is also present in the production records tables, although perhaps stored in a 
different format. DWs work in conjunction with DM to help centralize and organize information 
(Savelieva, et al., 2005 and Chapple, 2006). The design process of a DW begins with data 
characterization whose tasks include: 

• understanding the data by creating a data dictionary (called metadata) and entity relationship 
diagram (graphical representation of the relationships between tables) of the original source 
system (this information is often unavailable even from commercial software vendors); 

• identifying common conceptual links and designs how such links can be coded; 

• identifies errors, omissions, and inconsistencies in the data and resulting corrective actions.  

 

                       
Figure 1 General Concepts in DW and its relation to DM (Dessureault, 2005) 

If the data in the DW contains significant error, the inputs used in DM is consequently invalid and 
may lead to incorrect business decisions (De Ville, 2001). For example, the blasting tables in 
DOZBase recorded shift name as: “Swing” or “Afternoon” for the shift between day and night shift. 
In the production table, shift is recorded as “d”, “s”, or “n” (denoting day, swing, and night shifts). 
Therefore, “Swing” and “Afternoon” had to be combined and all shift names had to be changed to 
lower-case and only one letter so that they could be linked. In general, data characterization is often 
the most important and time consuming steps. 
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The next step prior to DM is data integration, where the common concepts (such as time, location, 
equipment, person, etc…) are identified and programmed into the DW. There are different 
approaches (known as schemas) for structuring DWs, one of the most popular being the Star 
schema. A Star schema typically consists of a single “fact” table (centrally located) and one or more 
dimensional tables radiating outward from the fact table as illustrated in Figure 2. This approach 
facilitates integration where multiple fact tables can be linked together through common dimension 
tables, known as the Constellation of Stars schema.  

 

 
Figure 2 Star Schema 

The main objective of a DW is to bring together information from disparate sources and put the 
information into a format that is conducive to making business decisions. “DM, also known as 
Knowledge Discovery in Databases (KDD), is the process of exploration and analysis, by automatic 
or semiautomatic means, of large quantities of data in order to discover meaningful patterns and 
rules” (Berry, 2000) that can be applied to making business decisions. DM combines the use of 
large data sets, algorithms, and visualization to help analysts better understand their systems. 

There are many new and old algorithms used in DM (Tang and MacLennan, 2005), including: 
artificial neural networks, genetic algorithms, decision trees, nearest neighbor method, rule 
induction, etc. These techniques are primarily for prediction, pattern recognition, and discovery. 
Different analysis cases may have different algorithms that would most suit the analysis problem. 
Therefore, understanding the nature of the analytical problem and selecting the proper mining 
algorithm is necessary (De Ville, 2001) (Tang and MacLennan, 2005).  

5 DM examples 
This research tested the validity of the DW design and approach by applying DM to create 
analytical products. The analysis focused on developing an empirical model for secondary blasting 
requirements. The data characterization process identified and characterized three key data tables: 

• Production: stores production related information such as number of buckets pulled, 
LHD, mucking location, crew, date, shift, predicted HOD, etc 

• Secondary blasting: stores secondary blasting information such as number and type of 
explosive used, blasting location, date and time, etc 

• Rock prediction: stores the prediction of rock types and metal grades pulled by date, 
location, etc… 
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Data characterization found that most mucking records from draw points with Heights of Draw 
(HOD) between 0 and 20 meters were not recorded consistently. The mucking records for this part 
of the ore column were recorded as “draw bell” rather than allocating that production to a particular 
named draw point, HOD, rock type, etc.... Therefore, some potentially important information about 
cave fragment behaviors and explosive consumption patterns when mucking the undercut and draw 
bells are missing.  

A second key consideration was that not all draw points have reached an HOD higher than 350 
meters, either because they were not planned to do so or had not reached the end of their life cycle. 
A full draw point life cycle live is necessary to study the block cave fragment behavior and 
explosive consumption patterns throughout its entire range of HOD. Therefore, to make an accurate 
analysis, draw points which have not reached an HOD of a particular height were filtered-out of 
most analyses (only those draw points with a full set of records from 20 to 350 were included in the 
analysis set). Other filtering of erroneous records or record inconsistencies were applied. The 
subsequent analytical approaches used tools, such as: DM algorithms, OLAP Cubes, and OBDC-
linked SQL Server View-driven pivot tables and pivot charts (note: all graphs shown use OBDC-
linked data).  

Figure 3 shows the production performance and explosive consumption for secondary blasting for 
then entire life cycle of draw points (HOD of 20 to 350) by increments of 10 meters of HOD. The 
left Y axis shows the sum of tons (both planned/”target” and actual) and sum of explosives 
cartridges used of each type (E32 and E55) for increments of 10 HOD. For example, between 40 
and 50 HOD, actual tons mucked from all draw points that have completed their life cycle amount 
to 1.1 million tons and 4800 cartridges of type E32 (to clear boulders/oversize) and 1100 cartridges 
of type E55 (to clear hang-ups). Unexplained is how the tonnages can vary at these different levels 
of draw, although the presumed shape of the draw (presumed to be shaped as elongated ovals of 
particle flow theory in cave mass) may account for this shape. 
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Figure 3 Sum of Production tons and Explosives Cartridges versus 10 m increments of HOD. 

The graph shows that actual production closely follows the draw order. The draw order (a daily 
plan) is frequently adjusted to account for productive capacity of the draw points (i.e. if the draw 
point cannot produce, its draw order is reduced) and to control the cave front shape. The earliest 
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product rate (HOD 20-30 m and likely even earlier, < 20 m) was relatively high until the production 
blasting-induced fragmented undercut rings were mined-out. Production dropped as undercut ore 
was mucked out and replaced by the oversize boulders of early cave propagation. This caused an 
increase in explosives consumption for secondary blasting activities. The explosives consumption 
parallels production tonnage although with a sharper peak at an HOD between 150m and 170m. 
Afterward, the explosive consumption level decreases much more sharply than production 
curtailment (HOD 170 – 270). One of the possible reasons for this reduction is the comminution 
effect: when rock flows through many meters of HOD, it is crushed into smaller fragments. The 
degree of secondary fragmentation depends on several factors such as the stress regime in the cave 
mass, draw rate, rock properties, etc (Brown, 2004). 

Figure 4 shows the relationship between production performance versus total hang up days at 
different draw columns. The pattern closely mirrors figure 6.1 where explosives consumption 
generally increases and decreases with tonnage, however, the variability in the explosives 
consumption records when compared to the relatively smooth tonnage rates in both graphs would 
indicate a that other variable(s) likely play an important role in draw point reliability (aside from the 
obvious production levels). Further investigation is required to define the most significant factors 
for secondary blasting explosive cartridge consumption (being an indicator of draw point 
reliability). Other key variables such as rock type, production target, etc; were included in the 
integration but cannot be adequately represented on a two-dimensional graph. When there are 
multiple potential controlling variables, DM can be used to determine the relative strength of 
correlation between known input variables and a desired output variable. 

 
Figure 4 Production performance and hang up days versus HOD 

Determining Correlation between Variables. 

A key objective of this body of work is to demonstrate the ease with which novel analyses can be 
undertaken through data warehousing such as the application of DM algorithms. For example, the 
‘Dependency Network’ (DN) is a DM algorithm that can be used as an alternative to Bayesian 
networks which represents probabilistic relationships. It can be used in density estimation, 
collaborative filtering (the task of predicting preferences), and the visualization of predictive 
relationships. It does not denote causality. In this application, the algorithm is used for collaborative 
filtering: probabilistically ranking the factors that show correlations from historical data, the first 
case is to determine the network for the available variables showing correlation with explosives 



 

 
 

253

consumption. The variables are selected as those that can be used in engineering to schedule or 
budget explosives use, namely: full list of variables is:  

• HOD @ 10 (meters range) 

• Average tons / day  

• Rock type 

• Panel location (name, i.e. Panel 16, 17, etc…) 

Originally there were 13 rock types tracked by the DOZ mine, however, in order to simplify the 
analysis, the rock types were regrouped into 6 similar rock types. The grouping is based on the 
presence of similar dominant rock types in the ore. 

The dependency network is generated by running the Decision Tree algorithm within the Business 
Intelligence Studio application of Microsoft SQL Server 2005. Figure 5 and Figure 6 are examples 
of the visual output of a DN. The strength of the correlations can be visualized by moving the slider 
(on the left) down. The arrows showing the weakest correlations disappear first. If there is no arrow 
shown between a contributing variable and its target (in this case the explosives volume for E32 or 
E55), then no statistical correlation exists (such as Panel and Rock types related to E55). 

 
Figure 5 DN visualize showing the variables with a statistically significant relationship to rate of 

E32 consumption (number of cartridges per 1000 tons).  

 
 

 

Figure 6 The strongest contributing factor for E32 and E55 consumption per ton. 
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As can be seen in Figure 6, the variable having the strongest correlation (i.e. ‘dependency’) to E32 
consumption is ‘Rock’, the column name that stores rock type. The three other variables with the 
highest correlation in order of strongest to weakest are HOD, average tons per day, panel location. 
Panel location is likely closely associated to rock type. Hence, the relatively high variability of E32 
when compared to tonnage as recognized in Figure 3 is most likely due to geological factors. 
Regarding E55, the DN shows only two block caving variables with statistically relevant correlation 
between E55, strongest being the average tons produced per day and weakest (but still statistically 
relevant) being HOD. 

Distinguishing rock type as a key variable narrows the analysis direction toward mapping rock type 
and explosives consumption by HOD. Figure 7 shows rock type summed stacked tonnages and total 
explosives consumed by increments of 10 HOD. From this graph, the two rock types of ‘Halo (DOZ 
Breccia)’ and ‘Forsterite Skarn’ appear to be the cause of the increase and decrease of E32 
requirements at an HOD between 80 and 200 including some of the peaks. This graph partially 
reflects the DN results, where a correlation between tons produced from particular rock types 
controls the E32 consumption rate per ton (the lower reliability of the draw point caused by 
boulders also would likely resulting in lower fill-factors in LHD buckets).  
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Figure 7 Tonnage for different rock types and explosives consumption versus HOD 

From the graphs above, it is obvious that the amount tons to be drawn from draw points with 
particular rock types, influences secondary sizing requirements. The draw point reliability can be 
predicted by considering: 1) tonnage to be mined from draw points with particular rocks types and 
by HOD. To expand this new knowledge into engineering action, an engineer should modify the 
budgeting mechanism: reallocation of manpower and blasting equipment (to areas with anticipated 
high Halo and Forsterite Skarn), hold larger underground inventories of explosives, etc... With the 
knowledge gained through the DM and mining data through graphs mine engineers could improve 
the reliability of block cave production planning. 
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6 Conclusions and Recommendations 
The research project successfully proved that a block cave DW for facilitating multiple DM 
analyses for block caving is possible. A DW infrastructure was created from which several analyses 
were rapidly created (once the DW was built, the analyses took relatively little time). These 
analyses took advantage of the huge amount of block cave operational data generated and used at 
the mine site for use in commercial products. Potential patterns, behaviors, and knowledge relating 
to secondary blasting as an indicator of draw point reliability were identified through data 
warehousing, which integrates this multi-vendor data environment, and DM, which provides 
analytical and visualization tools, 

This research was performed using exclusively DOZ mine data, similar research could be applied 
by incorporating other block cave mine data. This could help model and quantify general block cave 
behaviors rather than the particularities of a single operation. A second recommendation for the 
future is to incorporate not only operational and planning data, but also other key data sources such 
as geological, costing, metal price, safety, equipment maintenance, etc. Having these data sources 
integrated in a common DW would enable future researchers to investigate not only technical 
aspects but also economics and budgeting. The ultimate objective of this research is to incorporate 
the knowledge obtained through the research into the engineering and management work flow. 
Therefore, a systematic approach to reengineer block cave mine planning and management should 
be developed permitting a sustainable change toward a knowledge-driven mine planning and 
control process.  

Acknowledgements 
The authors would like to thank the MIS group at PT Freeport Indonesia, Tim Casten of Freeport 
McMoRan Copper and Gold, and Frank Russell of Rio Tinto who provided the data, permission, 
and opportunity to make this research possible. 

References: 
Barber, J., 2000. Freeport Indonesia’s Deep Ore Zone Mine. Proceedings MassMin 2000, Brisbane, (Ed: G Chitombo), 

289- 294. Australasian Institute of Mining and Metallurgy: Melbourne 
Berry, M. and Linoff, G., 2000, Mastering Data Mining, Wiley Computer Publishing, pp 7 – 20 
Brown, E.T., 2000, Block Caving Geomechanics, JKMRC Monograph Series in Mining and Mineral Processing 3. 
Chapple, M., 2006, Data Mining: An Introduction. Available at: 

http://databases.about.com/od/datamining/a/datamining.htm. Accessed on June 29, 2006 
De Ville, B., 2001, Microsoft Data Mining, Digital press, pp 44 – 45. 
Dessureault,S and Sinuhaji, A, 2008, Data Mining Mine Safety Data, Mining Engineering Journal, August 2007. 
Diering, T., 2004, Computational Considerations for Production Scheduling of Block Cave Mines, Massmin 2004 

proceedings, Santiago, August 2004, pp 135 – 140 
Flint, D., et al., 2006, Secondary Breakage Practice at the DOZ Block Cave Mine, 9th Underground Operator 

Conference, AusIMM, Perth 
Han, J. and Lamber, M., 2006, Data Mining, Concept and Techniques, Morgan Kaufman Publisher. 
Laubscher D. H., 2001, Cave Mining – The State of the Art, Underground Mining Methods, pp 455 - 464. 
Rubio, E., and Scoble M, 2004. Toward an Integration Approach to Block Cave Planning, Massmin 2004 proceedings, 

Santiago, August 2004, pp 128 – 134 
Tang, Z. and MacLennan, J., 2005, Data Mining with SQL Server 2005, Wiley Publishing, pp 145 – 167 
Savelieva, E. et al, 2005, Data Mining Approach for Environmental Data Predictions and Classification, Application of 

Computers and Operations Research in the Minerals Industry, Tucson, USA, pp 253– 258 
 



 

 
 

256

 



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Draw management system 

A. Susaeta  IAL LTDA, Chile 

G. Valenzuela  Codelco Andina, Chile 

G. País  Universidad de Chile, Chile 

D. Carkeet  Independent Consultant, Chile 

 

Abstract 
The draw order design (daily three shift production plan) for a panel caving operation, in order to comply 
the monthly and annual production schedule and optimization of recovery of the broken reserves, requires 
the integration of the draw data: extracted grade, draw point productivity and dilution percentage, with the 
daily tonnage, grade target, and maximum dilution content requirements. An optimizing system has been 
designed and applied in El Salvador and Andina Mine Panel Caving operations of Codelco, in order to 
generate an “achievable draw order”, which allows managing coarse fragmentation. The system integrates 
the previous shifts performance of draw points (tonnage drawn, dilution content, and extraction grade), 
secondary blasting history, draw condition at the end of the shift, and physical condition of draw point, to 
generate a viable draw order with grade, dilution and uniformity of draw targets. The system is able to 
compute operational restrictions, which the user can specify (draw rates, secondary blasting resources, ore 
pass capacity, etc.). Historical results of the improvement obtained in uniformity of draw, minimizing of 
dilution entry and moisture entry as well as improvements in production and grade of the draw order, for a 
LHD operation are presented to illustrate the application of the system. 

1 Introduction 
One of the most important issues in a panel caving operation is to achieve the planned tonnage with a 
reasonable uniformity of draw, so as to minimize dilution entry. This is relatively easy to do with secondary 
ore, where fragmentation is fine and all draw points flow. The problem appears with primary ore where the 
number of hang-ups, and secondary blasting increases dramatically.  

In panel caving mine planning, the draw strategy (draw control practice) defines the quality of the tonnage 
drawn and the draw point performance mainly defined in terms of oversize, stresses in pillar and moisture. 
All of them affect directly the value of the business. 

Codelco as most of the modern caving operations, have invested important amounts of resources in software 
and hardware to plan and control the extraction of the ore.  

The idea to generate an “achievable 3 shift plan” that complies with a grade, uniformity and dilution target 
was considered 8 years ago during a reengineering exercise of draw control practices done in El Salvador. 
Starting from this idea a computational system was developed and started its operational use in year 2000 in 
Salvador mine (Codelco Chile) and then was migrated and used in operations of Andina mine (Codelco 
Chile) in year 2003.  

This system generates a recommendation (during shift A) for the following 3 shifts (B,C &A), using all the 
information of the extracted tonnage until shift B (ie: tonnage extracted by draw point, sampled grades & 
dilution, hang-ups, secondary blasting, status of the drawpoints, status of the downgradient materials 
handling system, etc.). Due to this fact, the recommendation (draw order) is always achievable, because it 
considers the current production status of each draw point. The recommendation can be changes manually to 
introduce specific changes, and the system adjusts the call order to comply with its goal.  

The goals of the system are to achieve the tonnage, grade, dilution and uniformity index for the shift. The 
user can specify the priorities amongst these goals (considering that the tonnage target is always met). As it 
was mentioned above, the user has the option of edit interactively the draw call, and the system marks the 
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draw point/shift that user has modified, alerting him if the changes are in conflict with some constrains such 
as minimum and maximum production rate, number of active draw points in the same crosscut, ore-pass 
management, among others. 

The inclusion of the uniformity index (Susaeta, 2004) to calculate uniformity, and visualization of the 
tonnage that has been extracted with uniformity for any period, generated a very good tool to plan and 
control this variable. According to results of back analysis of uniformity versus dilution entry point (Susaeta, 
2004), the recovery of the reserves are dependent on the uniformity of draw. 

The implementation of the system to obtain an extraction with uniformity in primary rock panels, such as 
Andina-LHD and Salvador-ICW sectors, requires having an efficient management for both secondary 
blasting of the oversize muck and hung up blasting. Planning of these activities are also included in the 
system. 

2 Description of automatic draw order system (ADO) 
The draw control data base in El Salvador and Andina, includes for each shift the tonnage extracted from 
each active draw point, secondary blasting and hang up blasting, production situation of the draw point at the 
end of the shift (flowing, hanged up, with boulders to blast, etc.), operational situation (geotechnical damage, 
restrictions due to mud, restrictions due to geo metallurgical restrictions, etc.). The grade and dilution content 
of the draw points are also included in the data base, but are not generated every shift (every 500 tons 
approximately).  

All this information is used to generate a “productive capacity” per draw point every day. This productive 
capacity uses the historical production, the production and operational situation of the draw point and an 
improvement parameter (20%) to assess the potential production of every draw point, with its hang up and 
secondary blasting requirements. At the same time a grade and a dilution predictor is used to assess these 
variables for the next 3 shifts.  

 

Figure 1 ADO System Diagram. 

The operational restrictions for draw rates at different extraction percentages (minimum and maximum per 
shift and per month), restriction of maximum tonnage per production drift per shift, secondary blasting and 
hang up blasting are incorporated as general restrictions to the system. 

The shift tonnage aim is always searched with first priority by the ADO system (Susaeta 2000) function. The 
grade, dilution and uniformity of draw (Susaeta, 2004) aims, can be ordered with relative priorities between 
them, when the optimization function is operated to find the suggested draw order for the following 3 shifts. 
The optimization algorithm works with a finite elements incremental function. Figures 1 and 2 shows in a 
block diagram a general sequence of the ADO System. 
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Figure 2 ADO System Details. 

2.1 The ADO Software Algorithm 
The ADO Software generates a “suggestion” for the draw for the next three shifts of the mine’s life, using 
the historical data of the draw points’ performance and user specified restrictions and targets as the basis for 
its suggestion. 

The algorithm used by the system to generate the draw is described in the following paragraphs: 

For each active draw point in the sector of the mine being planned, the system extracts the historical 
operational data from the draw control database. This data delivers specific information regarding the draw 
point’s current state (flowing, hung, etc.), the draw tonnages which have been achieved during the last few 
shifts, and the grades and dilution measured by the last few ore control samples. 

Using this historical information, the system calculates “performance indices” for each draw point for the 
following three shifts. The indices predict the probable dilution percentage, grades, and maximum draw 
tonnage using a simple capped linear extrapolation of the historical data. 

The system then requests that the user specifies the restrictions and targets for the following day’s draw, 
which will control the automatic generation of the plan. 

First, the user must specify the “hard restrictions” on draw for the next day’s production. These “hard 
restrictions” are specified in terms of maximum extraction velocity. The maximum velocity is keyed on 
current extraction percentage of each draw point (for example, the user may wish to specify a higher 
maximum extraction velocity for draw points with higher extraction percentages). 

The use specifies the production targets for the next three shifts. The specifiable targets include production 
tonnage, grades, percentage of dilution material, and the uniformity index permissible for the next day’s 
production. The system will always attempt to achieve the tonnage target, given that this is typically fixed by 
the requirement of constant plant feed. However the other targets (grades, dilution, and uniformity index) are 
specified in order of preference; the system will give higher priority to the target which the user has specified 
with higher preference in the target hierarchy. It is often the case that not ALL the desired targets can be 
achieved based on the current performance of the available draw points. The hierarchical targets feature 
means that the system can respond to the realities of short term planning, where the specific planning 
requirements can change from day to day. 

The system then starts to construct a “suggested” plan. To do this it uses a “finite element” concept. The 
algorithm is the following. 

While the tonnage target has not been achieved 
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 Find the target with highest “preference” which is not currently achieved in the plan. 
Look through the list of draw points to find the draw point (with tonnage available) which best 

improves this target. 
Draw a “finite element” from this draw point. The “finite element” is typically the tonnage of one 
LHD bucket 

 Update the plan results with this draw. 
Repeat the process until the tonnage target has been reached, or, no more tonnage is available to be 
drawn 

The system presents the results of the “suggested” draw in both graphical and tabular form. The user may 
also manually modify the draw suggested by the ADO system, to reflect realities not reported in the draw 
control database. 

Figure N 3 shows part of the software’s main screen to generate draw suggestions. 

 

Figure 3 ADO software interface 

The suggested draw order has the virtue that firstly is “operationally achievable”, and that it follows the 
medium term (monthly) program as per grade and dilution requirements, complying with a pre established 
uniformity of draw. 

Originally the system was designed to work with costs and income per draw point, thus a profit per draw 
point and per draw order could be calculated and aimed to. This tool that has not been implemented yet has 
great potential to optimize the economic control of a panel caving operation, closure of draw points, and 
economic optimization over longer periods of time.  

3 Salvador Results 
The main objective in El Salvador (Codelco) was to obtain the required tonnage from the recently caved 
ICW Sector, and introduce uniform draw to minimize dilution entry. When the implementation started not 
only there was isolated draw, but the tonnage target was not met, because the call orders were used to force 
the mine personnel to draw the points that were hanged or with coarse rock. The system (ADO), that had a 
great more flexibility allowing production from many draw points per call, rapidly had the Sector flowing 
and with reasonable uniformity. 

Table 1, shows the improvement in uniformity after the introduction of the system (year 2000), comparing 
two areas, ICW (2000 – 2006) and IN (1996 – 2000).: 
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Table 1 Uniformity results for ICW and IN 

Sector Draw 
Points Year Uniform 

Tonnage 
Semi Uniform 

Tonnage 
Non Uniform 

Tonnage Total % 
U+SU

 [#]  [Mt] [Mt] [Mt] [Mt]  
ICW 985 2000-2006 5.63 5.50 2.06 13.20 84% 
IN 627 1994-2000 7.12 12.84 11.33 31.28 64% 

As seen the improvement in tonnage extracted with uniformity and semi uniformity from a low 
primary/secondary ore sector (IN-Inca Norte) to a high primary ore column (ICW – Inca Central Weste) is 
from 64% to 84% uniform and semi uniform draw. 

4 Andina results 
Andina (Codelco) underground mine’s, III Panel is composed by two sectors: LHD, with 570 LHD draw 
points in primary rock (mixed columns) and Parrillas, with 490 grizzly draw point in secondary rock . 

As part of draw control practice, two kinds of dilution are mapped by the geology department in the draw 
points: rhyolite rock and overburden (mix of original overburden, remnant ore and lateral dilution (rhyolite) 
from previous panels). The first one is a very good geologic marker of the material over the in-situ column of 
the III Panel because it can be easily detected, being historically measured since 1995. On the other hand, 
overburden is defined as all the broken material over the insitu column. Its grade has been estimated using 
mass balance calculations, from mining data of panels I and II. 

The ADO System started being used in the LHD sector in April 2003 and in Parrillas sector in January 2005, 
showing successful results, according to moisture, grade and dilution control (Valenzuela 2007). 

A schematic view of the underground mine is shown below. 

 

Figure 4 Andina Underground Mine. 
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4.1 Moisture Behavior 
Moisture is an important parameter for draw control. Andina internal reports have shown that the presence of 
over 3% moisture in the ore, specially when mixed with overburden (that has clay content), produces a 
phenomena call “llampo”, that generates packing of the fines in the whole of the materials handling system 
(LHD buckets, ore passes, trucks, hoppers, crushers, conveyor belts, etc.).. 

The graph below shows the mine to mill moisture and dilution (overburden) behavior for the underground 
mine. It can be seen that at the beginning of 2002 and 2003 the conditions are over the limit for a good 
operation (moisture over 3%). After the introduction of the system that improved the uniformity of draw, 
moisture has been controlled, even with a very high increase of the extracted overburden in critical periods 
of the year (snow melting season).  

Table 2 shows the average moisture obtained for the 3 periods defined by the use of the ADO System. 
Successive improvement is seen, even with a high increment in extraction of dilution (overburden). 

Table 2 Ore moisture averages in underground mine production 

Date Moisture Average (%)
Jan2001-April2003 2.93 
April2003-Jan2005 2.57 
Jan2005-Oct2007 2.53 

 

Figure 5 Moisture and Dilution behavior, underground mine. 

4.2 Grade behavior 
A grade model is used to predict the grade, for mine planning proposes in the underground mine. Figure 6 
shows the correlation between the predicted (grade model) and real copper grade reported by the mill (values 
have been multiplied by a constant so they do not necessary reflect the real copper grade of the mine). There 
is obviously an under estimation of the grade in the prediction model, that is assumed in 0.13%. The graph 
shows that between January 2001 and April 2003, the model and the effective grade do not have a good 
correlation (0.074%). Between 2003 and 2005 there is an improvement (0.070%). After January 2005 when 
the Parrillas sector started to be planned with the ADO system, an important improvement between real and 
modeled grades can be seen (0.033%), so obviously the draw control to have good uniformity had an 
important effect in the dispersion between grade prediction model and reality 
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Figure 6 Modeled and Real grade sent to plant behavior, underground mine. 

4.3 Sector A and G dilution entry results 
Sectors A and G are located in figure 1 within the LHD sector. They were extracted from 1997-2006 and 
2004-2007 respectively. Sector A was extracted without using the ADO system, and sector G has used it in 
all periods. The uniformity index results of the tonnage drawn for periods mentioned above are listed below: 

Table 3 Uniformity results for sector G and A 

Sector # Draw 
Points Year Uniform 

Tonnage 
Semi Uniform 

Tonnage 
Non Uniform 

Tonnage 
% 

U+SU Total 

 [#]  [Mt] [Mt] [Mt] [%] [Mt] 
G 113 2003-2006 8.48 4.27 0.74 94.5 13.49 
A 144 1997-2006 5.82 5.31 5.09 68.6 16.22 

As seen in the table the improvement from 68.6% of the tonnage drawn with uniformity (U+SU) in sector A, 
to 94.5% in sector G is relevant. 

The production history of the sectors is presented as percentage of extraction (%E), where an extraction of 
100% represents that of the tonnage of the in situ reserves. In both analyses, rhyolite was used as a dilution 
marker.  

 

Figure 7 Modeled and Real grade sent to plant behavior, underground mine. 
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Figure 7 and 8 shows the measured rhyolite dilution behavior for all draw points in Sector A and G 
respectively. It is important to note that the dilution value (% dilution) only represents part of the total 
dilution of the overburden (rhyolite as a marker implies overburden presence). The graph shows that in 
sector A, which was extracted without ADO system, the Pedza (Isolated draw dilution entry point -Susaeta, 
2004) starts about at 20% extraction. In the other hand, sector G shows a Pedza at 50% extraction. 

This results show that the system can effectively improve uniformity of draw and that uniformity delays the 
dilution entry point, thus improves the total reserves recovery. 

 

Figure 8 Rhyolite behavior for Sector G, Andina LHD underground mine. 

5 Conclusions 
The ADO (automatic draw order) System provides an efficient tool to program the short term extraction in a 
panel caving operation. The daily generation of a 3 shift draw order, using the draw control information to 
ensure an achievable production (tonnage) that complies with the aimed grade, maximum dilution and with a 
uniformity of draw target has been successfully done over 7 years in El Salvador and 4 years in Andina. 

The improvement in the uniformity of draw, with no sacrifice of production, has generated an increase in the 
% of extraction of dilution entry point, a more uniform behavior of the grade and a control over the moisture 
entry into the draw points. 
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Abstract 
The Deep Ore Zone (DOZ) block cave mine has undergone multiple expansions since its original 25,000 tpd 
design. Longer-term ore requirements of the district drove a review for another expansion to the DOZ mine 
that included the adjacent Ertsberg Stockwork Zone (ESZ) orebody. Additional reserves had also been added 
to the DOZ/ESZ complex that merged the two adjacent orebodies together allowing for a larger single 
footprint to be mined. The combined footprint of the two orebodies contains 292 million tonnes at 0.67% Cu 
and 0.69 g/t Au. The combined production rate of the orebodies was determined to be 80,000tpd based on 
oreflow, ventilation and caving constraints. Unlike the DOZ skarn-hosted system, the ESZ is a stockwork 
diorite which has significantly different geotechnical characteristics. The diorite has very coarse 
fragmentation and is similar to the characteristics of the Grasberg Block Cave mine planned for 2016. 

This paper describes the process used to justify the latest expansion. It details the constraints used to select 
the production rate and the anticipated geotechnical challenges transitioning from the weaker skarns system 
into the coarser diorites. Also addressed are the additional infrastructure required and the significant 
changes to the caving sequence due to the expanded footprint and the drawpoint layout design modifications. 
The increased levels of development, construction and caving activities required are also described. 

By the second quarter of 2007 a feasibility study was completed that justified this expansion. At this time the 
DOZ mine had also completed its expansion to 50,000tpd and has continued to expand towards the goal of 
80,000tpd, planned to be achieved in late 2009. 

By 2022 the district will be producing 240,000tpd primarily from block caving with the Grasberg Block Cave 
producing at 160,000tpd. The experiences from the DOZ expansions are critical in the success of achieving 
this production rate. 

1 Introduction 
PT Freeport Indonesia’s operations at the Grasberg mining complex are currently producing at a combined 
production rate of 240,000 tpd from the Grasberg Open Pit mine and the DOZ block cave mine. These mines 
are producing at approximately 180,000tpd and 60,000tpd respectively. The Grasberg open pit is scheduled 
for completion at the end of 2015, with the life of mine production being provided from a series of 
underground mines primarily utilizing block caving techniques. By 2022 the mine is planned to be producing 
240,000tpd from a series of underground mines. Figures 1 and 2 illustrate the geographic layout of the 
current and future mines in the Grasberg complex and planned district mine production sequence. Table 1 
lists the reserve data and the current or planned production rate data for these orebodies. The district 
currently has 2.8 billion tonnes of ore at a grade of 1.03% Cu and 0.91 g/t Au. This is approximately 24 
million tonnes of payable copper and 1,700 tonnes of payable gold. The current operating mines account for 
713 million tonnes or 26% of the total with the remainder from undeveloped, large block caving mines 
planned for the future underground era. 

The future of the complex lies with the underground and the ability of the operation to produce 240,000tpd 
from the block caving method. To date, the DOZ mine has performed above expectations and has 
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successfully ramped up from a planned production rate of 25,00tpd through a series of expansions to a 
current rate of approximately 60,000tpd with a plan to achieve 80,000tpd by 3Q 2009. 

The continued successful expansion of the DOZ mine provides key experiences and confidence in the 
operations ability to achieve the long term production rate from the underground era and to be able to operate 
block caving mines at the planned rates of up to 160,000tpd. 

As of writing this paper the DOZ has produced at a peak of 80,700 tpd with an average YTD production rate 
of 53,000 tpd. 

                  

Figure 1 Current and Future Orebodies – Location in the District 

Table 1 Current and Future Orebodies – Reserves and Production Rates  

Active Mines Tonnes 
(millions) % Cu ppm Au Production rate 

(tpd)
Grasberg Open Pit 473             0.90      0.98      180,000            
DOZ-ESZ 292             0.65      0.71      80,000              

Future Mines
Grasberg Block Cave 985             1.05      0.86      160,000            
Big Gossan Stoping Mine 53               2.31      1.10      7,000                
Kucing Liar Block Cave 578             1.20      1.06      90,000              
Mill Level Zone Block Cave 108             0.86      0.72      35,000              
Deep Mill Level Zone Block Cave 279             1.08      0.85      50,000              

TOTAL 2,767          1.03        0.91         
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Figure 2 Life of District Ore Production Sequence 
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The production level of the DOZ block cave lies at a depth of about 1200m below the surface and has 
column heights up to 500m. The western part of the DOZ is about 300m below the depleted Intermediate Ore 
Zone (IOZ) block cave and has already breached through to the previous cave and the surface subsidence 
zone. The DOZ Mine is situated within the East Ertsberg Skarn System (EESS) as shown in Figure 1. It is a 
mechanized block cave operation utilizing advanced undercutting techniques, (Barber, 2000) 

The EESS consists of skarn mineralisation zones locally intruded by variably altered and mineralised 
Ertsberg Diorite. The Ertsberg Diorite forms the footwall with mixed skarn mineralisation and marble 
forming the hanging wall (Coutts, 1999). Ground conditions within the EESS system are highly variable with 
Uniaxial Compressive Strengths ranging from 20-130 MPa and RQD values ranging from 40-85%. The 
RMR is highly variable across the different ground types and ranges from Good in the Diorites to Very Poor 
in the skarn mineralisation areas. The current combined tonnage of the DOZ and ESZ mines is 292 million 
tonnes at 0.65% Cu and 0.71 g/t Au. Over half of this mineralised material is in the Ertsberg Diorite intrusion 
which is significantly coarser than the current material being mined in the DOZ. 

2 Expansion Drivers and Constraints 
The DOZ Mine commenced pre-production development in early 1997 and initiated caving in November 
2000. The feasibility study called for a production ramp up to 25,000 tpd by January 2004.  During the initial 
stages of production the open pit was in a lower grade period and management challenged the underground 
to accelerate the production ramp up to 25,000tpd. This rate was achieved in September 2002 and with 
additional ore reserves in hand from an aggressive exploration program an expansion to 35,000tpd was 
immediately undertaken. With the addition of tonnes added to the reserve due to the adjacent ESZ orebody, a 
50,000tpd expansion was proposed and accepted by management in 2004. A steady state production level of 
over 50,000tpd was not achieved until 1Q 2007 as significant additional infrastructure was required to ramp-
up from 35,000tpd to 50,000tpd, (Casten 2004). Figure 3 shows the actual and planned production forecast 
for the DOZ Mine.  
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Figure 3 DOZ Mine Actual and Planned Monthly Production Rate (tpd) 

The mine complex is currently mill constrained to 240,000tpd. All of the ore produced by the DOZ Mine is 
taken as mill feed with the balance being drawn from open pit production. Any expansion to the DOZ 
production call will result in the lowest grade material from the open pit being displaced to an overburden 
stockpile. All of the DOZ mine expansions have to overcome this pit ore displacement penalty during the 
valuation process. 

In mid-2006 and prior to the completion of the 50,000tpd expansion, the Grasberg Open Pit was considering 
a series of production options that could have resulted in a higher production call from the DOZ Mine. A 
series of Order-Of-Magnitude studies were undertaken to consider potential expansion options above the 
ongoing 50,000tpd expansion, for the DOZ Mine. The major expansion drivers and constraints for the DOZ 
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Mine are discussed below in detail but are simply stated as Oreflow and Crushing, Ventilation and 
Drawpoint Requirements. 

2.1 Oreflow and Crushing Constraints 
The underground ore flow system ties into a common series of conveyor belts that are shared with the 
Grasberg Open Pit. Production space is “reserved” on the common belt system for the underground 
production and is balanced through the use of surge orebins for both open and underground ore. 

The initial 25,000tpd DOZ mine plan included a 54 x 77 gyratory crusher (Casten, 2000) designed to 
primarily handle the larger ore sizes anticipated from the 1.0m x 1.0m grizzlies installed on the extraction 
level.  With an average throughput rate of approximately 2,500 tph the crusher was capable of handling more 
tonnes. The expansion to 35,000tpd utilized some of this excess capacity but not all of it due to ventilation 
and drawpoint constraints. 

With the further addition of reserves, a 50,000tpd expansion was viable but required a second gyratory 
crusher and additional oreflow system to be installed. This second crusher was a larger, heavier duty unit 
designed to handle the significantly coarser diorite ore expected later in the mine life. Figure 4 shows the 
plan view location of the second crusher and expanded truck haulage loop designed to handle the additional 
reserves. 

Crusher #1

Crusher #2

Crusher LocationCrusher #1

50,000 tpd Expanded Footprint 25,000 tpd Footprint

 

Figure 4 DOZ Mine Truck Haulage and Primary Crusher Location Plan 

For the expansion to 80,000tpd the oreflow system was one of the primary drivers in setting the production 
rate. When considering the throughput characteristics of the remaining skarn and diorite ore for the life-of-
mine it was estimated that the original crusher combined with the new crusher would only be capable of an 
average throughput of 80,000 tpd. This was simulated over several time frames that represented the different 
ore types being delivered to the crushers, (Botha, 2007). Additional independent simulations were run on the 
shared oreflow system downstream from the crushers. These runs identified three conveyors in the 
downstream system that would require increased belt speeds to effectively handle the expansion to 80,000tpd 
without displacing additional open pit ore and impacting the overall ore delivery to the concentrator. 

The next expansion step would be the installation of a third gyratory crusher allowing for a production rate 
of up to 120,000tpd. This would have required several years to implement and would also have involved a 
significant conveyor system addition. This option would have also required significant additional ventilation 
infrastructure and the production rate could not have been supported by the available drawpoint footprint. 

2.2 Ventilation Constraints 
The ventilation requirements for the DOZ mine are based primarily upon the quantity of mobile equipment 
required. With a diesel LHD fleet and a truck haulage ore handling system the vent quantities can be 
significant. Using data generated from the production simulations over time (Botha, 2007) plus the size of 
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the footprint, and numbers and locations of the development crews the overall ventilation quantities could be 
calculated for the different proposed levels of expansion. 

The original 25,000tpd ventilation requirements were 950 m3/sec. The expansion to 35,000tpd increased this 
to 1,400 m3/sec and required a main fan motor upgrade. For the 50,000tpd expansion two additional intake 
and two additional exhaust adits were required to provide 1,800 m3/sec. Each adit is approximately 2.0km 
long and driven at a large diameter (6.5m x 5.5m). These were fitted with one 1600 kW mixed flow fans per 
adit (Duckworth, 2005).  

With a planned increase to 80,000tpd an additional exhaust drift and intake drift were required with a third 
1600 kW fan installation to provide a total air flow of 2,300 m3/sec. Instead of developing an additional 
intake drift in parallel with the existing headings, it was decided to bench out an existing intake to 9.0m high 
to provide the required cross sectional area. This proved to be a more economical option and is the method 
planned to supply sufficient ventilation cross section for the planned Grasberg Block Cave mine in eight 
future ventilation adits. Figure 5 shows the location of the additional vent adits and benching required to 
support the DOZ expansion. 

N

PLAN VIEW

Additional 
Exhaust Drift

Benched Intake Drift

Portals

Three 1600kW Fans

 

Figure 5 DOZ Mine Ventilation Infrastructure Expansion for 80,000tpd 

2.3 Drawpoint Requirement Constraints 
The biggest driving factor in the expansion of the DOZ Mine production rate is the available pool of 
drawpoints needed to sustain the planned production rate. Several constraints impact the maximum 
production rate that can be achieved: 

• The rate of drawpoint opening  

• Drawpoint closure rates 

• The total available drawpoints 
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These constraints are used as part of the input into GemCom’s PC-BC block cave scheduling package to 
assist in determining the maximum sustainable production rate that the drawpoints can produce.  

Strategic additions to the ore reserve between the previous 50,000tpd expansion in 2004 and the current plan 
in 2007 have resulted in a more continuous footprint between the DOZ and ESZ ore bodies and have served 
to merge these two units into a single footprint, more amenable to higher production rates, as shown in 
Figure 6. This has allowed for improved drawpoint opening sequences for the development and construction 
crews. 

2.3.1 Drawpoint Opening Rates 

The DOZ Mine has successfully opened drawpoints at a rate of ten per month as a sustained maximum rate. 
Although greater rates have been achieved, the variability in ground types encountered in the DOZ has 
prevented these higher opening rates being sustained over time. For the PCBC input an opening rate of ten 
per month was used. The primary bottleneck in the opening process is the drawpoint construction phase with 
the development, pre-production support, undercutting and drawbelling phases rarely being the critical path. 
Ongoing projects to improve the rate of drawpoint construction are underway and will be vital in 
accelerating production ramp-up for the DOZ and the future block cave mines. 

2.3.2 Drawpoint Closure Rates 

The drawpoint column heights range from 300m to 500m depending on location in the footprint and have 
different drawdown rates depending on the anticipated rock type. In a shorter column cave the drawpoint 
may be depleted at a rate faster than new drawpoints can be opened to either replace them or add to the 
number of active drawpoints available for draw. The opening sequence has an influence on the closure rate 
and the change in footprint seen in Figure 6 has allowed some higher column, longer lived drawpoints to be 
opened sooner. 

ESZ

DOZ

ESZ

DOZ

ESZ

DOZ

ESZ

DOZ

N

PLAN 
VIEW

2004 DOZ/ESZ 50k Study 2007 DOZ/ESZ 80k Study
 

Figure 6 Strategic Ore Additions between the 50,000tpd and 80,000tpd Expansion Cases 

2.3.3 Drawpoint Availability 

The footprint needs to have enough drawpoints available to be opened over an extended period so that higher 
production rates can be achieved and sustained. The DOZ/ESZ footprint has 1,324 drawpoints over 39 
panels, with a requirement for approximately 550 to 625 active drawpoints at 80,000tpd, depending on rock 
type, location of cave, draw profiles, number of wet muck drawpoints and the overall drawpoint maturity. 
Figure 7 shows a plan view of the extraction level with the planned opening sequence. 

Once a drawpoint is active the available tonnes that can be drawn from it will vary depending primarily on 
the geotechnical constraints encountered.  

As the DOZ cave progresses west it will further interact with the depleted IOZ Mine and the surface 
subsidence zone. This will increase the number of drawpoints classified as being “wet” (Samosir, 2008) and 
will reduce their productivity as remote or automated loaders are required to muck them due to the risk of 
mud rushes in these areas. This lower drawpoint productivity drives an increase in the total number of active 
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drawpoints required to produce at 80,000tpd. By 2010 a significant proportion of the ore will be drawn from 
wet areas of the mine, although this drops quickly as the coarser diorites are encountered and by 2014 the 
wet muck only accounts for 25% of the total tonnage mined. 

As the cave moves further west and south in the ESZ area the Ertsberg Diorites become the majority of 
available ore and this is significantly coarser material than has been mined in the DOZ to date. Currently 
only 5% of the ore produced from DOZ is in the diorites with the majority coming from the weaker skarn ore 
types. By 2015, 80% of the ore will be from diorite areas although a lot of these drawpoints will be well into 
the secondary fragmentation phase and will have less of an impact on number of drawpoint hang-ups and 
secondary breaking requirements. 

Simulations were run based upon wet muck and fragmentation predictions over several different time 
periods; 2010, 2012 and 2014. These years had significant changes due to quantities of skarn, wet muck and 
diorite (Botha, 2007). In order to calibrate the simulation, 2006 was also modelled and compared to the 
actual activities. 

Legend: 
 End 2006 
 2007 
 2008 
 2009 
 2010 
 2011 
 2012 
 2013 
2014 

 

Figure 7 DOZ/ESZ 80,000tpd Drawpoint Opening Sequence 

3 Geotechnical Impacts on the Expansion Design 
Two main areas have had a significant impact on the plans for the expansion to the 80,000tpd, the transition 
from a skarn hosted ore body to a diorite hosted orebody and the impact of increased wet muck from the IOZ 
Mine and surface subsidence areas. 

3.1 Drawpoint Layout Design Modifications 
In the DOZ/ESZ 50,000tpd expansion study two different drawpoint layouts were employed; the offset 
Herringbone drawpoint for the DOZ West and East areas and the El Teniente layout for the ESZ area. The El 
Teniente layout was chosen for the ESZ mine primarily to improve scheduling of the development. As the 
cave transitions from East to West one panel is opened every several months in the DOZ. The panels trend 
North-South and the cave is advanced across panels, as per Figure 7. However, as the cave moves from 
North to South into the ESZ up to six new panels could be activated up in the same time frame, with 
drawpoints being opened from North to South instead of the previous East to West direction. This change in 
caving direction would add significant accelerated development and construction activities using the 
Herringbone layout. The El Teniente layout allows panels to be easily broken up into several discrete 
sections using drawbell drifts as temporary fringes. 
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During the 80,000tpd expansion study, the change from Herringbone layout over to El Teniente was revisited 
due to concerns related to wet muck, safety and operational issues raised during the previous El Teniente 
layout application at the IOZ mine and concerns about transitioning to a new method. A list of pros and cons 
of each method was developed as shown in Table 2 and it was decided to undertake a trade-off study to 
further investigate the issues and to evaluate each layout in more detail. 

Table 2 Pros and Cons: El Teniente Layout vs. Herringbone 
El Teniente Herringbone

Pros: Pros:
Simpler development Applied successfully today
Better pillar, less overbreak at nose Familiarity with development, construction and drawbelling
 Loader operator always turns in on draw point side Tramming engine first 100% of the time
Flexible fringe location - better for access and scheduling Less damage to LHD during wet muck spill, easier recovery
Better LHD alignment when mucking
Good transition from HB to ET in West/South
Valuable experience for GBC Block Cave

Cons: Cons:
50% of the time tramming bucket first loaded LHD operator loads from both his side and blind side
Greater LHD damage during wet muck spills, longer recovery Not as flexible for scheduling – more development up front
Unfamiliar for development, construction and drawbell blasting Problems with transition pillars to South
Four way spans
LHD needs turning to muck or clean the panel

 
The study looked at two layout options, as shown in Figure 8. The layouts were constrained by the existing 
south fringe and Herringbone layout already developed. This fringe drift was a key component to the success 
of the development and construction schedule as it was used to break up the long panels into discrete 
sections to de-clustering activities. In the El Teniente layout, this function could be replaced by opening one 
row of drawbell drifts and converting this into a temporary fringe that could be progressed southward as 
required. 

In the study, both layouts were evaluated based on the following categories: Safety, Geotechnical, 
Operational, Design and Planning, Schedule, and Cost. Following are summaries of the conclusions and 
recommendations. The main issues identified as deciding factors in the selection of a layout are described 
below: 

 

Figure 8 DOZ/ESZ El Teniente and Herringbone Layout Comparison 
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3.2 Safety Concerns 
The main concern around safety was tramming the LHD bucket first loaded in the El Teniente layout. This 
restricts the operator’s visibility 50% percent of the time as he has to operate the LHD in both bucket first 
and engine first in order to pull from all drawpoints. 

Other operations occur in an operating panel that require the LHD operator to have good visibility wherever 
possible. Secondary breaking units and pedestrians can access operating panels. Procedures are in place to 
protect pedestrians in a working panel and include; lights, reflective personal protective equipment and the 
proximity detection systems on every employee and piece of production equipment. 

3.3 Geotechnical Concerns 
The primary concern is over the impact of a wet muck spill in an El Teniente layout resulting in greater 
damage to remote controlled LHD’s and the extended time required for recovery. The configuration of the El 
Teniente layout usually results in the LHD being pushed back into the adjacent drawpoint by the wet muck 
and being completely covered. With the Herringbone layout the LHD is typically pushed down the drift and 
remains exposed.  

The other concern was with the permanent mid fringe proposed for the Herringbone layout from a caving 
and pillar stability point of view. The permanent fringe drift concept in the Herringbone layout was deemed 
to have too high of a risk from a pillar stability and cave interaction consideration. The removal of the 
permanent fringe drift requires accelerated development activities. 

3.4 Operational Concerns 
From the development perspective, the El Teniente layout has slight advantages over the Herringbone layout. 
The straight line drifts in El Teniente layout make development easier and potentially creates less overbreak 
especially around the nose pillar. 

During production the LHD operator always loads from his side of the LHD, giving him better visibility for 
safety and operational efficiency. 

The “room and pillar” nature of the EL Teniente layout allows for a simpler expansion to the South by 
allowing numerous temporary fringes to be developed as needed. This can be done with the Herringbone 
layout but is more difficult as the drawpoints are staggered. 

3.5 Design, Planning, Scheduling and Cost Concerns 
The DOZ mine has many years of experience in the Herringbone layout and has successfully implemented this 
method including single shot drawbell blasting. With a change to the El Teniente layout new designs would be 
required to be trialed and proven, potentially slowing advance rates of the cave.  

From the scheduling perspective, the El Teniente layout has advantages over the Herringbone layout. By 
utilizing several temporary fringes, approximately 5,000m of development could be deferred by two to three 
years. This also defers construction of drawpoints, grizzlies and chutes. Overall this would defer capital 
spending and reduce risk of slipping the schedule. 

After consideration of the issues described above the Herringbone Layout was ultimately selected to sustain 
the 80,000tpd expansion. The primary driver for this selection was safety concerns (operator visibility) and 
the impact of wet muck on remote loader operation and recovery. 
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4 Conclusion 
The expansion of the DOZ/ESZ mine from 50,000tpd up to 80,000tpd is a technically viable and 
economically robust option and has been accepted by management. The expansion is underway. Changes 
made to the ore reserve and footprint along with future ore supply requirements have driven this next step in 
the expansion for the DOZ/ESZ mine. The key parameters of crushing, ventilation and drawpoint 
requirements have been used to identify the best production tonnage for the mine. 

Moving from a weaker skarn orebody to diorite orebody will pose some challenges for fragmentation and 
secondary breaking. Although challenging conditions are predicted these are felt to be manageable using 
fixed and mobile breaking equipment. The drawpoint layout has been chosen based on a detailed trade-off 
study and will be an effective solution to expanding the cave front to the south while sustaining an 80,000tpd 
production rate. 

The lessons learned in ramping up the DOZ/ESZ Mine to 80,000tpd and sustaining this production rate will 
be invaluable as the mine district develops future underground mines planned to produce up to rate of 
160,000tpd and ultimately a mining district supplying 240,000tpd from several large block caving 
operations. 
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Abstract 
The non-dilution draw method is a revolutionary approach for draw control in the sublevel caving method, 
and it was introduced by the authors over 10 years ago to solve the problem of excessive ore dilution in the 
sublevel caving method. This paper presents the concept of the non-dilution draw method and its technical 
features, and offers several important findings about the sublevel caving method and the gravity flow 
principles discovered in authors’ research on the non-dilution draw method. In addition, field tests of the 
non-dilution draw method in Jing Tie Shan Iron Mine and some other Chinese sublevel caving mines are 
briefly described at the end of this paper. 

1 General review of the sublevel caving method  
Sublevel caving is a mass mining method with many distinct advantages, e.g., i) it is flexible and can be 
applied to various ore bodies; ii) all operations take place in drift-size headings that can be well-supported 
providing good conditions for accident prevention; iii) it is highly mechanized and efficient; iv) the cost is 
low. However, one of its major disadvantages has been high dilution. The average dilution in sublevel caving 
mines in China was about 15-25%, with up to 40% dilution in some cases. Similar high dilutions were 
reported in other countries, including many developed ones. 

Solving the problem of excessive dilution in sublevel caving is extremely important due to its significant 
impact on the mine’s profitability and on the natural environment. Mining companies worldwide have been 
experimenting with modifications and improvements of the sublevel caving method for many years. Methods 
which have been tested worldwide include longwall sublevel caving, high sublevel caving, sublevel 
shrinkage caving, silo layouts for sublevel caving and wider drift-spacing layouts for sublevel caving. 
Unfortunately, these efforts have not brought significant dilution reduction in China or elsewhere. In fact, 
some have even caused unnecessary complexity in mining operations and the risk of larger ore losses. 

Thus, the rock dilution rate in most sublevel caving mines worldwide remains at 15-25% or higher in spite of 
great efforts. This is a serious problem that needs to be solved. Many people pessimistically assume that 
excessive rock dilution in sublevel caving is inevitable because it is inherent in the method itself, and 
therefore it is the price you have to pay for using it. Some people have even predicted that it is not possible 
for the sublevel caving method to achieve a dilution rate lower than 15%. 

2 An new perspective on the reasons for excessive dilution in sublevel caving 
method  

In general, the layouts, layout parameters and the draw control were thought to be the three major factors 
contributing to excessive rock dilution in the sublevel caving method. This is why in past efforts for reducing 
dilution in the method were mainly focused on these three aspects. However, we have found that excessive 
rock dilution in sublevel caving is caused mostly by use of an improper method for draw control. Further 
study has suggested that the use of cutoff grade for draw control in sublevel caving is the key factor resulting 
in the mixture of a large quantity of caved rock with blasted ore during loading processes. For research 
convenience, we called this approach of draw control by using cutoff grade in sublevel caving the traditional 
cutoff grade draw method. 
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Cutoff grade is defined as the theoretical grade at which the mucking process should be halted. This is an 
economic calculation based on the specific costs of the operation, metal prices, etc., and is usually the grade 
at which the ore value equals the remaining costs to be incurred. It was believed that the use of cutoff grade 
for draw control in the sublevel caving method could maximize the benefits of the draw process and 
ultimately the profits of overall mining operations. Cutoff grade was unanimously viewed as a highly critical 
parameter for draw control, as early cutoff results in poor recovery and late cutoff results in excessive 
dilution. The use of cutoff grade for draw control in the sublevel caving method was accepted as an 
inalterable principle since the adoption of this mining method in the 1950s, and nobody had ever questioned 
its rationality.  

Analysis of the drawing process for a signal ring shows, however that only about 30% of blasted ore is 
withdrawn without dilution and up to 70% of blasted ore is withdrawn mixed with caved rock when the 
cutoff point is reached. Therefore, the overall rock dilution of each ring will be 15-30% or higher. This fact 
will not change so long as the traditional cutoff grade draw method is used in sublevel caving, no matter 
what changes are made in the layouts, layout parameters and loading process.  
The study shows that the beneficial interaction between adjacent rings and adjacent sublevels will be greatly 
reduced or even completely eliminated by the use of the traditional cutoff grade draw method. The 
consequence of eliminating the beneficial interaction between adjacent rings and adjacent sublevels further 
results in almost no difference in caved rock and blasted ore movement and about 15-30% of the overall rock 
dilution for each ring’s loading operation. In this situation, a single ring operation in effect represents the 
overall operation of the sublevel caving method with the overall rock dilution for the method also reaching 
15-30%. 

Like many other operational approaches used in the sublevel caving method, the use of the traditional cutoff 
grade draw method has been based on the understanding of a single ring operation. Unfortunately, this study 
has suggested that a single ring operation cannot properly represent the overall operation in the sublevel 
caving method, and better outcome for ore recovery can be expected if the traditional cutoff grade draw 
method is modified. There are two major drawbacks to using cutoff grade for draw control in sublevel 
caving. First, as previously stated, cutoff grade is purely an economic calculation based on the specific costs 
of the operation, metal prices, etc. without any consideration of practical mining operations. Second, unlike 
some other caving methods, sublevel caving is a unique mining method in which the staggered production 
drifts in two adjacent sublevels makes the “shape” of blasted ore almost perfectly match the “shape” of the 
extraction ellipsoid, allowing more than one chance to recover the ore remnants. This means that high 
dilution is an unnecessary price to pay for recovering the rest of the blasted ore when the caved rock appears 
on the mucking pile.  

To sum up, in the sublevel caving method, dilution mainly occurs in the drawing process. The use of cutoff 
grade for draw control is the biggest single factor resulting in excessive dilution in the sublevel caving 
method. It is not possible to solve the problem of excessive ore dilution in this method unless the use of the 
cutoff grade for draw control is modified. High dilution is not inherent in the sublevel caving method and it 
is not a price that must be paid for using this method. 

3 An introduction to the non-dilution draw method 
Since the blasted ore including the ore remnants in the stopes have more than one chance to be recovered in 
sublevel caving, can the loading process be stopped when dilution is just starting, provisionally leaving the 
various ore remnants in the stope and recovering them in successive slices and sublevels so that rock dilution 
is reduced or even avoided? Investigation has indicated this idea is workable. Thus we proposed a 
revolutionary approach for draw control based on our study of the laws of gravity flow of blasted ore and 
caved waste rock in sublevel caving and on the results of a large number of physical model tests. This new 
approach is called “the non-dilution draw method”. Our main objective in proposing this new draw method is 
to solve the problem of excessive ore dilution in sublevel caving. 

The non-dilution draw method is defined as a draw method mainly used in sublevel caving in which loading 
will be halted exactly at the moment when caved rock reaches the mucking pile normally. Unlike the 
traditional cutoff grade draw method in which mucking will not be stopped until the grade of the mucking 
pile falls to the desired cutoff and a large proportion of caved rock has already been extracted, the mucking 
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process for the non-dilution draw method will be halted at the moment when caved rock appears normally on 
the mucking pile and mining operations will be moved on to the next slice for blasting and mucking.  Since 
the loading of each slice is halted when caved rock just starts to appear on the mucking pile and theoretically 
no diluted ore will be extracted, all the ore extracted from the mucking piles will be effectively a “pure” 
blasted ore without caved rock mixed into it. This is why this method is named “the non-dilution draw 
method”. Further explanation for this term follows: 

a) According to the Ellipsoid Flow Theory (Janelid and Kvapil, 1966), when the ring is blasted and flow is 
allowed to occur, all the immediately discharged material originates from an ellipsoidal zone known as the 
extraction ellipsoid (or motion ellipsoid). Therefore, theoretically the blasted ore could be extracted without 
dilution so long as the “shape” of the blasted ore perfectly matches the extraction ellipsoid. 

b) The sublevel caving method uses a unique layout in which the production drifts or crosscuts on successive 
sublevels are staggered. This special layout has two advantages which no other caving method can equal in 
terms of ore recovery. One is that the continuing stope space enables the various ore remnants to have more 
than one chance to be recovered; the other one is that the “shape” of the blasted ore, consisting of the blasted 
ore column plus the nearby ore remnants almost perfectly matches the “shape” of the extraction ellipsoid, 
and therefore theoretically can be extracted without dilution. In other words, draw without dilution is largely 
possible in sublevel caving. 

c) The phrase “non-dilution” strictly refers to the drawing process in sublevel caving only, not to other 
production processes, such as mining design, development, blasting, etc., which may produce dilution.  

Although initially the justification for naming this new draw method by “non-dilution” was questioned since 
absolutely “zero dilution” is not possible both in physical model tests and in mines in operation. As 
researchers, we prefer to call the method “non-dilution draw method” rather than “low-dilution draw 
method”. This is because the essential character of the method is reflected more accurately by naming it 
“non-dilution” draw method. As explained, the cutoff point for non-dilution draw method comes exactly at 
the moment when caved rock reaches the draw point. There is no intention of extracting diluted ore by using 
the new draw method, although a small quantity of caved rock will inevitably be extracted because some 
caved rock will be allowed to appear on mucking pile in order to determine whether or not the caved rock is 
normally reaching the draw point. Obviously our main objective of proposing the non-dilution draw method 
is to solve the problem of excessive dilution in sublevel caving and not to pursue absolute zero dilution. 

Implementing this new draw method is quite simple. It is not necessary to change the layouts, the parameters 
or the mining equipment used in sublevel caving. All that is needed is to replace the traditional cutoff grade 
draw method with the non-dilution draw method.  

Compared to the cutoff grade draw method, non-dilution draw method simplifies the draw operation and its 
management. One need only determine whether or not the caved rock has reached the mucking pile normally. 
Samplings and assays can be greatly reduced or even avoided if it is possible to distinguish visually between 
the blasted ore and caved waste by shape, colour or avoirdupois.  

For using the non-dilution draw method in sublevel caving, it is necessary to ensure that at least 30% of the 
blasted ore must be withdrawn if caved rock appears on the mucking pile earlier than it should, otherwise the 
next ring’s blasting and loading could be severely affected by inadequate loading. 

Generally a waste-to-ore ratio of 5-10% in the mucking pile is enough to show whether or not the caved rock 
is normally reaching the mucking pile. So, when using non-dilution draw method in both physical model 
tests and mines in operation, mucking ceases when the mucking pile appears to consist of 5-10% caved 
waste in practice. Our research has shown that rock dilution in sublevel caving using the non-dilution draw 
method can be reduced from 15-30% to 4-6% (lab figures), while achieving an ore recovery level no lower 
than for the cutoff grade draw method. 

It is desirable to have fairly compact ore, weak walls, and a steep dip for implementing non-dilution draw 
method in sublevel caving mines, but implementation can be very flexible in terms of area and extent. Three 
approaches can be used in sublevel caving mines to implement this new draw method depending on the 
mines’ geological, operational and economic situations, as long as the basic principles of non-dilution draw 
method are properly understood and applied. These are “single step transition from cutoff grade draw 
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method to non-dilution draw method”, “transition in quality by gradually increasing the cutoff grade” and 
“transition in quantity by gradually enlarging the area for implementing the non-dilution draw method”. 

4 Some important findings about sublevel caving and its gravity flow 
principles 

As research into the non-dilution draw method has continued, some important findings about sublevel caving 
and its gravity flow principles have emerged and led to a new “non-dilution draw theory”. The non-dilution 
draw theory’s main insights into the sublevel caving method, the laws of gravity flow, and the 
interrelationship between ore loss and rock dilution can be summarized as follows: 

· In the sublevel caving method, high dilution is not inherent in the mining method itself, and it is not a price 
that must be paid for using the method. The use of the cutoff grade for draw control is the biggest single 
factor resulting in excessive dilution in the sublevel caving method. Excessive dilution can be avoided by 
modifying the traditional draw method. 

Sublevel caving is a unique mining method in which staggered production drifts in adjacent sublevels allows 
more than one chance to recover the blasted ore and ore remnants. It is unnecessary to pay the price of 
excessive dilution in order to recover those ore remnants, since they can be recovered later without dilution.  

Usually there are three kinds of ore remnants (see Fig. 1) left at the back of the mucking pile in sublevel 
caving rather than just two, as was formerly believed. A blasted ore remnant, here called the “ore remnant 
clinging to the vertical front surface” was observed in physical model tests in addition to the cap remnant and 
ore remnant towards the back of the ring which had been noticed before. What is more important is that the 
ore remnants do not equate to ore losses, and the existence of ore remnants does not always result in poor 
recovery and high dilution. In fact, the blasted ore in each slice has a shape that matches the shape of the 
extraction ellipsoid precisely because of the existence of various ore remnants. Appropriate ore remnants 
especially the ore remnant clinging to the vertical front and the cap remnant, are vital if sublevel caving is to 
avoid unnecessary dilution while achieving a satisfactory ore recovery. It is therefore appropriate to 
intentionally leave a certain amount of blasted ore remnants because better ore recovery will result. We 
believe that non-dilution draw method exemplifies the intelligent use of blasted ore remnants to reduce 
dilution. 

This new understanding of blasted ore remnants and the recovery process in sublevel caving is illustrated in 
Figures1-3 which explains how blasted ore remnants are recovered in successive slices and sublevels. If the 
non-dilution draw method is used, an interesting phenomenon in which the extracted tonnages from slices 
appear as periodic changes can be expected (see Fig. 3b). This phenomenon has been confirmed by physical 
model tests in the lab and in the field test at the Jing Tie Shan Iron Mine.  

 

 

 

 

 

 

 

 

A. Longitudinal view    B. Frontal Section view 

Figure 1 Gravity flow pattern when caved rock begins to appear on mucking pile  1. Cap 
remnant; 2. Ore remnant clinging to vertical front,  3. Extraction ellipsoid; 4. Ore 
remnant towards the back of the ring.  
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A. Single ring     B. Multiple rings 

Figure 2 Gravity flow pattern for sublevel caving using the cutoff grade draw method 

 

 

 

 

 

 

 

 

A. Single ring     B. Multiple rings 

Figure 3 Gravity flow pattern for sublevel caving using the non-dilution draw method 

A series of 3D physical model tests have been done to further study how the cutoff grade affects ore recovery 
and rock dilution in the drawing process of sublevel caving. Various cutoff grades which are 35%, 30%, 25% 
and 20% were given to different draw methods corresponding to the non-dilution draw method, the low-
dilution draw method (1), the low-dilution draw method (2), and the traditional cutoff grade draw method 
respectively, together with the actual  grade in place (39%) and some other geological data in Jing Tie Shan 
Iron Mine to calculate the instantaneous dilution rate and to estimate the waste-ore ratio on the mucking pile 
(see Table 1). 

Table 1 The drawing parameter design for different draw method in 3D physical model test 

The 3D physical model tests indicate that the sublevel ore recovery and dilution follow pattern: 

a) As the number of sublevels increases, the sublevel ore recovery rate becomes “normal”, and at this point, 
the draw process is also treated as “normal”. This usually happens with the third or fourth sublevel. Once 
the  draw process becomes normal, the ore recovery rates for the sublevels also tend to be much the same 

Draw method 
(Curve) 

Non-dilution 

 (Ⅰ) 

Low-dilution(1) 

 (Ⅱ) 

Low-dilution (2) 

(Ⅲ) 

Cutoff-grade 

(Ⅳ) 

Grade in place 39% 39% 39% 39% 

Cutoff grade 35% 30% 25% 20% 

Instantaneous dilution rate 10.18% 31.68% 48.81% 65.81% 

Waste-ore ratio on mucking pile  10:90 30:70 50:50 70:30 
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and stable (see Fig. 4a), no matter what cutoff grade has been adopted for draw control, but the rock 
dilution rates always maintain a significant difference (see Fig. 4b).  
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Figure 4 The variation of ore recovery and dilution with the number of sublevel  

b) The relationship between overall ore recovery rate and overall rock dilution rate in sublevel caving is 
illustrated in Fig.5a and Fig. 5b. In Fig.5a Curve ○ is an imaginary reference line for recovery of an ideal 
non-dilution draw method with zero dilution. Some valuable conclusions can be observed from the Figures. 
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Figure 5 The variation of overall recovery and overall dilution with the number of sublevel 

i) Contrary to traditional views (see Fig. 6a [13] and Fig. 6b [9]), there is little indication of a close relationship 
between overall ore recovery and rock dilution in the draw process of sublevel caving. We think it is safe to 
predict that there is no direct and significant relationship between overall recovery and dilution if the survey 
is based on the operation of a whole area rather than of a single ring or sublevel. In other words, it is not 
always correct to say that the higher the dilution allowed, the better the ore recovery, or that early cutoff 
results in poor recovery in the sublevel caving. 
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ii) Unlike the instantaneous dilution, the overall dilution remains nearly unchanged in the entire drawing 
process while the overall ore recovery keeps rising steadily. The tiny fluctuation in overall dilution is the 
result of inconsistent cutoff grades at the different draw points. 
iii) The rock dilution rate and the grade of extracted ore in sublevel caving mainly depend on the value of the 
cutoff grade at the cutoff point; the lower the cutoff grade, the higher the dilution rate. But as long as the 
cutoff grade is fixed, the dilution rate and the grade of the extracted ore will remain stable with little change. 

iv) The relationship between the overall blasted ore recovery and the overall extraction recovery for sublevel 
caving in the draw process is closer to an acclivitous straight line, and the overall dilution is likely an aclinic 
line rather than a curve as many previously believed.  

Here in Fig. 6a [13], Ack.Gl’= waste dilution, Mu= ore recovery, I= extraction rate. In Fig. 6b [9], Hk= ore 
recovery, Hs= waste dilution, mc= extraction rate; Curve Hk, Curve P and Curve Pd represent ore recovery, 
overall dilution and instantaneous dilution respectively. 

                            

                                        A.                                                                                   B. 

Figure 6 Examples of ore recovery and waste dilution in mining as a function of loading 

· The results of the physical model tests in the lab and the field test at Jing Tie Shan Iron Mine show that the 
recovery rates of two sublevels will be affected if the draw method is switched from the traditional cutoff 
grade draw method to the non-dilution draw method. These two sublevels’ recovery rates will be reduced by 
about 10-20 points. However, the ore recovery rates of the remaining sublevels clearly tend to be close, 
gradually approaching the “normal” rate once the draw operations of two sublevels have finished (see Fig.7). 
Here curveⅠ represents the cutoff grade draw method used for all sublevels; curvesⅡ, Ⅲ and Ⅳ represent the 
use of the non-dilution draw method starting at the 2nd, 3rd and 4th sublevel respectively.  
This is to say that the ore recovery will return to “normal” at the third sublevel and an equivalent ore 
recovery rate to the cutoff grade draw method can then be expected while the rock dilution will remain at 
about 7-8%. The reason for this recovery trend can be seen in the characteristics of gravity flow especially in 
the cap ore remnants and extraction ellipsoids during the transition period (see Fig. 8). 
In addition, some evidence has indicated that a mechanism called “self-adaptation” comes into play in 
sublevel caving with regard to the layout parameters. Namely ore recovery will not be significantly affected 
by changes in the layout parameters if the changes are reasonable and fairly good ore body conditions exist. 
In other words, layout parameters can be chosen from a wide range mainly based on loading requirements 
and development costs rather than ore recovery with little concern that ore loss may increase. 
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5 Field test of non-dilution draw method at the Jing Tie Shan Iron Mine 
The Jing Tie Shan Iron Mine is the most important production site for raw iron ore of the Jiuquan Iron and 
Steel Company located on the outskirt of Jiayuguan city, Gansu Province, China. About 5 million tons of ore 
are mined out annually which makes this mine the largest underground mine in China in terms of mined ore 
output. It is also one of the most modern underground mines in China in terms of its equipment and facilities.  

Sublevel caving is the major mining method used in this mine, and the layout parameters were 10-12m×10m 
before 1998 and have been 15m×12m since 1998 for sublevel interval and spacing between production drifts 
which are 4m×3m. The ring burden is about 1.5-1.8m. Drilling is done with Atlas Copco Simba H252 
Boomers and loading and transportation are carried out by Wagner DST-5C LHDs with a 3.8m3 bucket. 
Loading of caved materials continues until the ratio of ore to waste is approximately 50% which corresponds 
to an overall dilution of about 15% and an overall blasted ore recovery of about 81%. 

However, the company’s subsequent ore concentration and smelting and its profitability have been severely 
affected by treating the mined ore which contains some harmful elements mainly attributed to the presence 
of mixed rock. The geological grade of the ore in this mine is too low (just about 36-39%) to bear an overall 
dilution rate of only 15%, which might seem very desirable compared to the 30-40% dilution rate in many 
other sublevel mines. At the same time, the mixed rock which contains some harmful elements (mainly 
Kalium and Natrium) has also created problems and profit losses for the entire company. In fact, low-grade 
mined ore and mixed rock containing excess harmful substances have bothered the company ever since it 
was founded in the 1950s. It was obvious that resolving the problem of dilution had become crucial to 
improving the whole company’s performance in both production and profitability.  

A research project called “A field test of the non-dilution draw method at the Jing Tie Shan Iron Mine” was 
successfully carried out in the No.2 ore body in the mine from August of 1993 to July of 1996. This project 
was undertaken by Northeastern University, Southwest University of Science and Technology, the Jiuquan 
Iron and Steel Company and the Jing Tie Shan Iron Mine. Test results showed that all the technical and 
economic indexes monitored for examining the feasibility of the non-dilution draw method had achieved the 
designed goals and even exceeded them after evaluating three years of test results. The overall ore recovery 
rate in the test area reached 85.18%, slightly higher than the 81% ore recovery rate for the cut-off grade draw 
method. The overall rock dilution rate in the test area was 7.64% compared to the 15% rock dilution rate in 
the past when the traditional cut-off grade draw method was used for draw control. It was estimated that the 
grade of the mined ore rose about 2 points, and the total amount of waste rock was reduced about 0.2 million 
tons by using the new draw method in the No. 2 ore body test area alone.  
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Figure 8 Gravity flow pattern in transition period. 1. 
Caved waste; 2. Cap remnant using cutoff 
grade draw method; 3. 5. 6. Extraction 
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Figure 9 The monthly blasted ore recovery rate for the test area  

 

Figure 10 The monthly rock dilution rate for the test area  

In 1994, the non-dilution draw method was introduced in the No. 1 ore body, another major production area 
in the Jing Tie Shan Iron Mine because of the success in reducing dilution after about one year of testing in 
the No.2 ore body. The reduction in the amount of the mixed rock and in the dilution rate became even more 
significant due to the expanded use of the non-dilution draw method in the mine: the overall rock dilution 
rate for the mine dropped to less than 10% compared to about 15% of the rock dilution before the new draw 
method was introduced in 1993, and the grade of the mined ore exported to the concentration plant stayed 
above 33% even though the ore grade in place steadily declined.  

The field test at the Jing Tie Shan Iron Mine proves that the amount of mixed rock mined ore can be greatly 
reduced and that the mined ore grade can be increased significantly by implementing the non-dilution draw 
method. In addition, the longstanding problems of low and unstable mined ore grades, as well as excessive 
harmful substances that bothered the entire company for many years were eased. This brought remarkable 
economic benefits to the company. The success of the field test at the Jing Tie Shan Iron Mine showed that it 
is feasible to implement the new draw method in sublevel caving mines with a fairly compact ore, weak 
walls, and a steep dip. 

After the success of the field test at Jing Tie Shan Iron Mine had been announced, the non-dilution draw 
method attracted extensive attention from similar underground mines nationwide due to its simplicity, 
flexibility and significant economic and technological benefits. It is reported that the main principles of the 
non-dilution draw method have been successfully applied to mining production by modifying the traditional 
cutoff grade draw method in favour of the so-called “the low-dilution draw method” reducing the rock 
dilution at the Yaochong Iron Mine of Ma An Shan Iron and Steel Co. in Anhui Province, the Deep Copper 
Mine of Baiying Co. in Gansu Province, and the Xiao Guan Zhoung Iron Mine of Luzhong Metallurgy & 
Mining Group Corporation in Shandong Province. Overall rock dilution at these mines has been reduced to 
below 12-15%, compared to 20-30% in the past. Significant economic and technological benefits have been 
achieved by changing the draw method. In addition, more and more underground mines in China (for 
example, the Meishan Iron Mine in Nanjing in Jiangsu Province, the second-largest  Chinese underground 
mine in terms of  mined ore tonnage) are also showing interest in adopting the new draw method. 
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6 Epilogue 
The theory of non-dilution draw has been gradually refined during 15 years of continuous research and 
development since the method was proposed in the early 1990s. The method offers a viable solution to 
excessive dilution in sublevel caving. The main principles of non-dilution draw theory represent enrichment 
and perfection of the traditional gravity flow theory and are especially significant for properly understanding 
the gravity flow in sublevel caving. The new findings regarding the relationship between ore recovery and 
rock dilution, and the gravity flows of blasted ore and caved waste rock in sublevel caving when multiple 
sublevels (and rings) have been taken into account are extremely significant. Sublevel caving may have an 
even brighter future now that the problem of excessive dilution can be largely solved by using the non-
dilution draw method.Although some doubts and resistance regarding the non-dilution draw method and its 
implementation remain, we believe that the sublevel caving method has the potential to become a mining 
method that not only ensures high efficiency, low cost, satisfied ore recovery and good safety, but also low 
rock dilution particularly if research on the method continues to improve both the practice and the theory of 
the non-dilution draw. 
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Abstract 
Empirical methods have been widely used to estimate the number of reserve stopes in underground mines. 
Such method is based on experiences and engineering judgments which do not follow established statistical 
methods; therefore, it is not possible to predict the confidence interval for the availability of a reserve stope 
when an active stope is failed.  The aim of this paper is to introduce an approach to evaluate the confidence 
interval for the availability of a reserve stope in the underground mines using failure rate time to fail an 
active a stope and repair rate time to repair of stopes.  In this approach, the active and reserve stopes are 
modelled as a stochastic process. Then, the probability of replacing each failed stope with a reserve stope is 
estimated using Markov chains theory. The results of such analyses can be used as a basis for decision-
making about the number of reserve stopes and reduce risk of production shortage as well as uncertainties. 

1 Introduction 
In an Underground mine, the number of stopes are determined considering the capacity and production 
schedule of the mine. Beside those stopes, some reserve stopes should be considered for ensuring that the 
mine production is continually reached almost in the same level. 

Geometry characterization and production capacity of the reserve stopes are usually designed in the same 
manner as the main stopes such that they could be immediately replaced the failed stopes. Replaced stopes 
will be exploited as long as the failed stopes are under repairing process.  

The number of the reserve stopes may be determined considering three factors which are i) number of the 
main stopes; ii)  probability of failure of each active stope which is a function of failure rate of such stope; 
and iii) probability of repairing of each failed stope, which is a function of its repair rate. 

The last two items mainly depend on the mining and development methods, supply and maintenance 
operations, safety level considerations and also unpredictable factors such as the mine accidents, abrupt 
collapses occurrence or water entrance to the stopes, which introduce different types of uncertainties. 

Therefore, it is evident that this issue, having probability characteristics, should be analysed using the 
probabilistic methods since the deterministic methods are not able to consider such uncertainties in proper 
way, which may yield incorrect results. 

A literature review in this subject indicates that no method has been presented for estimation of the number 
of reserve stopes, so that it can defines a certain confidence interval for availability of those stopes. Despite 
this, several methods (e.g. statistical modelling and Mont Carlo simulation) have been already used for 
similar issues such as estimation of the reserve machines for the transport fleet. 

So far, empirical methods have been widely used to estimate the number of reserve stopes in underground 
mines. In the method the number of reserve stope is defined as a percent of the number of main stopes. Since 
the empirical methods are mainly formed based on experiences and engineering judgments, therefore those 
can not predict the confidence interval for the availability of a reserve stope when an active stope is failed.  

In this paper a new approach has been introduced to evaluate the confidence interval for the availability of a 
reserve stope in an underground mine. The confidence interval should be determined to ensure that the mine 
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production is not considerably changed, in the case of cessation of an active stope. In this paper, we have 
assumed that the number of main stopes, probability of cessation of each active stope and probability of 
repairing of each failed stope are known.  

2 Definitions 
At the beginning, it is necessary to review some definitions of stochastic processes used in this paper. 

Assume that U is a vector with n components and A is a n.n square matrix. The vector U (non-zero) is called 
a fixed point of A, if U is left fixed (not changed) when multiplied by A. In other word, U.A=U. 

A vector U is called a probability vector if the components are nonnegative and their sum is 1 and a square 
matrix P=(pij)n.n is called a stochastic matrix if each of its rows forms a probability vector. If A and B are 
stochastic matrices, then the product A.B and all powers An are stochastic matrices. 

A stochastic matrix P is said to be regular if all the entries of some power Pm are positive. Let P be a regular 
stochastic matrix, then P has a unique fixed probability vector f, and the components of f are all positive; the 
sequence P, P2, P3, … of powers of P approaches the matrix F whose rows are each the fixed point f; and if p 
is any probability vector, then the sequence of vectors p.P1, pP2, pP3, … approaches the fixed point f 
(Lipschutz, 2000). 

2.1 Markov Chains 
An old-fashioned but very useful and highly intuitive definition describes a random variable as a variable 
that takes on its value by chance. A stochastic process is a family of random variables Xt, where t is a 
parameter running over a suitable index set T. In a common situation, the index t corresponds to discrete 
units of time, and the index set is T={0,1,2,…}. In this case, Xt might represent outcomes at successive 
observation of some characteristics of a certain population (Hoel et al., 1983). 

In the probability theory, a stochastic process, given the present state, depends only upon the current state, 
i.e. it is conditionally independent of the past states (the path of the process) given the present state which 
can be applied to the random behavior of system that very discretely or continuously with respect of time and 
space. The discrete case, generally is known as a Markov chain and continuous case, generally is known as a 
Markov process. A  Markov chain is a special case of Markov process. It is used to study the short- and long-
run behavior of certain stochastic system (Taha, 1992). It is important to remember one role with Markov 
analysis, namely, that the probabilities of changing state are dependent only on the state itself. In other 
words, the probability of failure or a repair is not dependent on the past history of the system (Smith, 2001). 

As a mathematical expression, a Markov Chains process is a stochastic process with the property that, given 
the value of Xt, the values of Xs for s>t are not influenced by the values of Xu for u<t. This characteristic may 
be represented by the Equation 1 (Taylor and Karlin, 1994): 

}{},,...,{ 111,001 iXjXPiXiXiXjXP nnnnnn ======= +−−+                (1) 

Where P{Xn} is the probability of occurrence of Xn. 

2.1.1 Transition Probabilities 

Consider a sequence of trials whose outcomes, e.g. X1,X2,X3,… satisfy the following two properties:  

i) Each outcome belongs to a finite set of outcomes {a1,a2,…,am} called the state space of the system; if the 
outcome of the nth trial is ai, then it may be said that the system is in state ai at time n or at the nth step. 

ii) The outcome of any trial depends at most upon the outcome of the immediately preceding trial and not 
upon any other previous outcome; with each pair of states (ai,aj) there is given the probability pij  that aj 
occurs immediately after ai occurs (Lipschutz, 2000). 

Such a stochastic process is called a Markov Chains. The numbers pij are said the transition probabilities and 
may be arranged in a matrix P=( pij)m.m that is called the transition matrix. Thus with each state ai there 
corresponds the ith row (pi1,pi2,pi3,…,pim) of the transition matrix P; if the system is in state ai, then this row 



 

 287

vector represents the probabilities of all the possible outcomes of the next trial and so it is a probability 
vector. Accordingly, the transition matrix P of a Markov Chains is a stochastic matrix (Lipschutz, 2000). 

2.1.2 Stationary Distribution of Regular Markov Chains 

The entry pij in the transition matrix P of a Markov Chains is the probability that the system changes from 
the state ai to the state aj in one step and the entry pij

(n) is the probability that the system changes from the 
state ai to the state aj in exactly n steps. The entries pij

(n) are arranged in a matrix P(n) called n-step transition 
matrix. Let P be the transition matrix of a Markov Chains process. Then the n-step transition matrix is equal 
to the nth power of P; that is, P(n)=Pn. 

Suppose that a Markov Chains is regular. Sequence of n-step transition matrices Pn approaches the matrix F 
whose rows are each the unique fixed probability vector f of P; hence the probability pij

(n) that aj occurs for 
sufficiently large n is independent of the original state ai and it approaches the component fj of f. Thus the 
effect of initial state or the initial probability distribution of the process wears off as the number of steps of 
the process increases. Furthermore, every sequence of probability distributions approaches the fixed 
probability vector f of P, called the stationary distribution of the Markov Chains.            

3 Stochastic Process of Main and Reserve Stopes 
Consider an underground mine, it consists of m main stopes as active stopes and r reserve stopes (m>r). In 
case of cessation of each active stope, a reserve stope will be replaced and exploited as long as the failed 
stope is under repair process. This process is defined as a sequence of trials in which each of m main stopes 
are replaced by each of r reserve stopes, individually, if they failed. This process will be run toward while all 
r reserve stopes are replaced by r out of m main stopes and it will be run in the reverse direction when a 
failed stope is repaired. Moreover, there are possible states of process in which the number of failed stopes 
are more than the number of reserve stopes. In this case, the level of mine production rate will be decreased 
and the aim is to avoid of such situation through designing correct number of reserve stopes in a cost 
effective way. 

The mentioned states are formed a stochastic process. Figure1 illustrates an example of the state space of 
such system. The first state (S1) shows a condition in which all m main stopes are active and none of each 
reserve stopes has not been used. In the second state (S2), one of the main stopes has been failed and a 
reserve stope has been replaced it. In this state, there are m-1 main stopes and one replaced stope as active 
stopes. If the failed stope is repaired, the system is changed to the previous state; otherwise, it will be 
remained in the same state. This process will be continued while all active stopes (including main stopes and 
replaced reserve stopes) are failed. In this circumstance, there is not any reserve stope for replacing the failed 
stopes. Therefore, system may be remained in the final state that it has been shown in Figure 1 as Sk state.  

  

Description  State 
S1 

 State 
S2 

 State 
S3 

 State 
Sk 

Main stopes  m  m-1  m-2  - 

Reserve stopes  r r-1 r-2  - 
Failed stopes  0 1 2  m+r
Replaced reserve stopes  0 1 2  r 

Figure 1 An example of State space of the system 

4 Numerical Example 
As a numerical example, in an underground mine production process, there are five main stopes and two 
reserve stopes considering production schedule and working conditions (i.e. m=5 and r=2). Suppose that 
each stope will be statistically failed 30 days out of 300 active days of year (It means the frequency of failure 
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for each stope is 30 per active days of year). Therefore, probability of failure of each stope equals to 30/300. 
The failed stopes should be immediately repaired. The probability of repairing of each failed stopes is 12/30. 

In this section, stochastic process is used to model and analyse such production process using Marko chains. 
Then, the confidence interval for availability of a reserve stope when an active stope has been failed is 
determined.  

There are four state spaces for this system that has been illustrated in Figure 2. As this Figure shows, in the 
first state (S1) all main stopes are active and none of two reserve stopes has been used. In the second state 
(S2), one of the main stopes has been failed and a reserve stope has been replaced it. In the third state, two 
main stopes have been failed and replaced by two reserve stopes. At last, the fourth state indicates states in 
which there are more than two main stopes have been failed and there is not available any reserve stope for 
replacing by the failed stopes. The last state includes five sub-states in which the numbers of the active 
stopes are less than five. 

 

Figure 2 Possible states for the main and reserve stopes 

The mentioned states (S1 to S4) produce a Markov chain and the probability of transition of the system from 
one state to alternative states can be calculated. In the example, probability of transition of the system from 

S4 

Available or active stope Failed reserve stope 

 

S2 

S3 

Active main stope Failed main stope 

S1 
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S1 to S2 means probability of failure of a main stope and replacing with a reserve stope. The probability may 
be calculated by binominal distribution function as below: 
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The probability of transition of the system from S3 to S2 may be also obtained trough below equation: 
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The probability of transition of the system from S4 to S3 may be also calculated as below: 
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A similar method can be used for calculating the probability of transition of the system from each state to 
alternative states. After calculating all transition probabilities of the system, it is possible to arrange the 
transition matrix. 

The transition matrix is a square matrix, in which each row is a fixed probability vector that shows the 
probability of transition of the system from a certain state to all states of the system. Therefore, the first row 
is a vector whose entries indicate the probability of transition of the S1 to all states of the system including 
the S1 itself. The following matrix illustrates the transition matrix, constructed for the system explained 
earlier. 
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Now, the stationary state of the Markov Chain can be obtained using the below equation: 

  ( ) ( )dcbaPdcba ,,,,,, =×  

Where a is the probability of remaining the system in the S1 state, b is the probability of remaining the 
system in the S2 state, c is the probability of remaining the system in the S3 state and d is the probability of 
remaining the system in the S4 state. Solving the system of the equations for the transition matrix, values of 
a, b, c, and d is obtained as below: 

 S1           S2     S3       S4 
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a = 0.275, b = 0.338, c = 0.20512 and d = 0.1816 

The mentioned values may be multiplied in the number of the working days (300 days per year). The results 
have been shown in the Table 1. According to the results, the confidence interval for availability of at least 
one reserve stope equals to 82 percents (i.e. 300-54=246 days).    

Table 1 number of days that the system will be remained in the Si states  

Number of days Si States 

83300275.0 =×  None of each reserve stope is used 

101300338.0 =×  One of the main stopes is failed and reserve stope is replaced it 

623002051.0 =×  Two main stopes are failed and all the reserve stopes are replaced them 

543001816.0 =×  More than two main stopes are failed and there is not available reserve stope for 
replacing 

The result of the analysis of above mentioned mine production process (see Table 1) can be used for making 
decision about the number of reserve stopes with the aim of obtaining the right level of production rate. For 
example, in such mine production process, 54 days the level of production rate will be less than desired level 
and in can be improved by increasing the number of reserve stope from 2 to 3. However, a cost trad-off is 
essential for making the final decision.  

5 Conclusions 
So far, no method has been presented for estimation of the number of reserve stopes, so that it can defines a 
certain confidence interval for availability of those stopes.  

This paper proposed an approach to evaluate the confidence interval for the availability of a reserve stope in 
an underground mine. Such approach is based on the principles of stochastic processes and benefits from a 
mathematical support. From this point of view, it opens a new window to predict the confidence interval for 
the availability of a reserve stope when an active stope is failed. It is highly distinguished from alternative 
methods such as empirical methods.  

 In the proposed method, the availability of reserve stopes can be determined using i) the number of main 
stopes and reserve stopes, ii)probability of failure and repair of each active stope which can be obtained 
using historical data of the mine. The results of the analysis can be used an input data for other activities in 
the mining industry such as calculation of the production regularity of the mine production process.   

Although the formulation of the state space of the system and calculating of the probabilities is relatively 
complex, a computer program may be used to perform the task.  
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Abstract 
Drawpoint production rate is one of the current variable factors in the production scheduling process. It 
helps in determining a maximum rate of each drawpoint or a certain drawpoint zone in the particular 
period. One of the properties inside the geology block model is rock type. Current major rock type used by 
Underground Planning is defined by two simplified rock types, Skarn and Diorite. Draw points in DOZ-ESZ 
are grouped into several zones which are typically based on major rock type within its draw column i.e. 
DOZ West and East for Skarn and ESZ for Diorite. Current planning assumes that each draw column 
associated with its zone has the same rock type within its column. 

Obviously, there are rock type variability’s within a draw column in the geology block model that supposedly 
contribute different rock fragmentation. This paper analyzed the relationship between rock fragmentation 
and rock type, which production rate should have been affected by different rock type within a draw column. 
In addition, this paper proposed an approach to better plan with less flexibility to adjust production rate as it 
is supposed to be depending on the rock type defined into the geology block model.  

1 Introduction 
Rock mass behaviour plays an important role in block cave mining. Four main models of rock mass are 
needed to sustain the regular mine planning activities (E. Rubio, 2004). Those models are fragmentation, 
geomechanical, geological and reconciliation. Fragmentation has an influence on design and operating 
parameters (D. Laubscher, 1994, 2000). One of those parameters is production rate which strongly relates to 
the production scheduling process.  

Production scheduling is vital for mining companies. It should consider the optimum amount of production 
for various periods from the technical and economical point of view, subject to various constraints. In a 
block cave mine, rock fragmentation plays an important role in production scheduling when production 
capacity is constant. Rock fragmentation has a strong relationship with drawpoint availability. Hung-up and 
boulder(s) could cause drawpoint down hours. At the end, rock fragmentation also influences production rate 
as the more drawpoint available the more production capacity can be achieved. 

This paper analyzes the relationship between rock fragmentation and production rate for production 
scheduling purposes. The analysis incorporates rock type and the Secondary Drill and Blast activities as an 
approach of knowing the rock fragmentation behaviour within a draw column. In addition, this paper 
provides a new approach as the result of analysis and incorporates it into a short-term production scheduling 
in a practical way. However, the accurate measurement of fragmentation in caving mines is difficult to 
achieve (E.T. Brown, 2000). It is common in mining industry to solve its problem by using heuristic study.  

2 Background 
Freeport’s DOZ block cave mine has been using Gemcom’s PCBC© software package for its mine planning 
since DOZ began production in November 2000. In current practice, an important assumption is that all 
inputs are constant in every period of the production schedule. One of the input variables for production 
scheduling in PCBC is the production rate curve (PRC). It helps in determining the maximum rate of 
extraction in drawpoint zone in any particular period. Production rate in this case is total tonnage extracted 
from the drawpoint per period. The current production rate curve was created from 1) the fragmentation 
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curve provided by Core2Frag program, which was developed by CNI for the DOZ-ESZ 50K Expansion 
Study and 2) historical production data in the specific zone.  

Current production rate in meter per day is determined by the percentage of draw column and drawpoint 
zoned by its major rock type on a particular height of draw. The current major rock types used by DOZ-ESZ 
Planning comprise two simplified rock types; Skarn and Diorite. Drawpoints in DOZ-ESZ mine were 
grouped into several zones typically based on major rock type within its draw column i.e. DOZ West and 
DOZ East for Skarn and ESZ for Diorite. However, engineering judgment is still required to modify the 
typical drawpoint zone based on the actual condition. For example, higher column height at DOZ East could 
possibly achieve a higher production rate; and the wet muck area between the DOZ West and DOZ East area 
could be designed with a flat production rate.  

                

Figure 1 DOZ-ESZ Type of Drawpoint at Current Production Schedule Setup 

A picture above clearly shows the location of each drawpoint type in DOZ-ESZ layout (Figure 1) and the 
following is a list of drawpoint types used for current planning. 

 K8  K8 Drawpoints (Old Stope area, 5 Drawpoints) 
 T_EAST: Panel 13 West to Panel 18 East 
 T_ESZ:  ESZ 
 T_WEST: Panel 06 West to DOZ West 
 T_WET: Panel 12 East/West, Panel 13 West 
 TF:  Panel 19 West to DOZ East 
 TG:  Panel 11 East to Panel 06 East 

Each draw column designed for production schedule is typically associated with a single drawpoint zone at 
each particular period (Figure 1) and is assumed having the same rock type within. Each drawpoint zone has 
a different production rate. Current production schedule of a recent quarterly production forecast as shown 
by Table-1 below is very flexible in which type of production rate curve as its input. 

 

 

 

 

T_ESZ 

TF 

T_East 

T_Wet 

TH 

TG 

T_West 
K8 



 

 293

Table 1 Current 4Q-2007 Forecast Design of Draw Rate per Period for Production Schedule Run 

Drawpoint Type 2007 2008 2009 2010 2011 2012 2013 

K8 SKN SKN SKN-3 PRC-0.46 PRC-0.46 PRC-0.46 PRC-0.46 

T_EAST PRC-0.25 PRC-0.46 PRC-0.23 PRC-0.23 PRC-0.46 PRC-0.46 PRC-0.46 

T_ESZ DIO DIO DIO DIO DIO DIO DIO 

T_WEST SKN-2 PRC-0.23 PRC-0.38 PRC-0.46 PRC-0.46 PRC-0.46 PRC-0.46 

T_WET PRC-0.30 PRC-0.30 PRC-0.30 PRC-0.30 PRC-0.30 PRC-0.30 PRC-0.30 

TF PRC-0.38 PRC-0.46 PRC-0.23 PRC-0.23 PRC-0.46 PRC-0.46 PRC-0.46 

TG SKN-2 SKN PRC-0.38 PRC-0.46 PRC-0.46 PRC-0.46 PRC-0.46 

Figure 2 below shows the charts of draw rate types on a particular height of draw that are shown on the Table 
1. There are four accelerated draw rates, DIO, SKN, SKN-2 and SKN-3 that become flat after reach the 
height of draw of 180 meters. 

The SKN-2 production rate curve is the accelerated rate of SKN once the draw column has reached 180 
meters, and the incremental rate from the original designed rate is 0.0254 meter per day (1 inch per day); 
whereas the SKN-3 is the accelerated rate of SKN for K8 (5 drawpoints). 
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Figure 2 Production Rate Curve for PCBC input parameter. 

3 Concept Overview 
The fragmentation estimates developed for DOZ-ESZ 80K Feasibility Study show that ESZ would have 
significantly coarse fragmentation. Since the fragment size distribution would have an impact on the 
operations in the DOZ-ESZ mine, this paper analyzes the actual data of DOZ Mine to better understand; 1) 
dominant rock type in the drawpoint, and 2) an estimated size distribution of materials in the drawpoint. 

Current production rate assumptions do not completely consider the actual rock fragmentation behaviour 
within a draw column. There is no “rule of thumb” or procedure in production rate adjustment for each zone 
on a certain period and the adjustment is very flexible. This paper has the same basic idea with the current 
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practice in terms of drawpoint type by its zone. The difference is to put less flexibility on the adjustment of 
production rate curve as an input for production schedule run using PCBC.  

The constraint to define the relationship between rock fragmentation and production rate directly is data 
availability on rock fragmentation. Therefore, there are two phases needed to define the relationship. In the 
first phase, this paper tried to define and analyze rock type as a variable that can be correlated with rock 
fragmentation and production rate. This concept refers to the previous research (Srikant, et al, 2004) that 
rock fragmentation represents the material, which could/could not be handled by LHDs without any material 
size reduction required; and the predicted and observed fragment size may be related to rock type. In this 
phase, the secondary drill and blast activities would be included as they could be indicators for draw point 
down hours that affect production rate. The second phase is to implement new approach into a quarterly 
production forecast and compare it to the current forecast developed by Underground Planning group. The 
main objective is to understand that we could possibly create a realistic and achievable plan by knowing 
fragmentation behaviour related to dominant rock type. 

4 Fragmentation and Rock Type 

4.1 Fragmentation 
Qualitative information was collected by a developed rating system as shown by Figure 3 whereas the 
quantitative information shown by Figure 4 was collected by estimating the percentages of particular 
material size in the drawpoint.  

 

Figure 3 DOZ-ESZ Drawpoint Rating System, (Srikant, et al, 2004) 

The first two-size categories, the ‘Fines and Small Block’, represent the material that could pass the ore pass 
grizzly directly or be sized by a rock breaker. The ‘Medium Block’ category may require material size 
reduction methodology such a secondary drilling and blasting at the drawpoint. The ‘Large Block’ and 
‘Oversize’, as shown by 4-a, 4-b and 5 categories, represent the material that could not be handled by LHDs 
without the secondary drill and blast activities.  

 

Figure 4 DOZ Drawpoint Fragmentation Log, (Srikant, et al, 2004) 

The DOZ draw point fragmentation log in Figure 4 above was used to obtain rock fragmentation from 22 
March to 11 April 2005. Therefore, the data is sorted into two groups of fragmentation, Large-Oversize and 
Fine-Small-Medium. 
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4.2 Rock Type 
DOZ-ESZ is the third level of block caving to exploit the copper-gold Ertsberg East Skarn System (EESS). 
The EESS is a high-magnesium Skarn deposit, which is a tabular orebody with a vertical extent in excess of 
1,400 meters, a strike length of over 1,000 meters and an average width of 200 meters. DOZ ore is hosted 
within altered carbonate rocks and the adjacent Ertsberg Diorite. The DOZ mine develops the lower 
elevations of EESS. Units are classified based on the dominant alteration mineralogy. The following are six 
major rock types in DOZ-ESZ: 

• Ertsberg Diorite: generally hard, competent, blocky jointed, high rock quality and good ground 
conditions. 

• Forsterite Skarn: located adjacent to Ertsberg diorite, characterized as competent, hard, moderately 
jointed, high rock quality and good ground condition. 

• Forsterite-Magnetite Skarn: generally hard, competent and variable jointing with generally good 
ground condition but with localized zones exhibiting poor ground condition. 

• Magnetite Skarn: generally hard and competent with good ground condition but with localized zones 
exhibiting poor ground condition.  

• DOZ Breccia is a hydrothermal Breccia unit occuring as a pipe-like zone with a diameter of more than 
100 meters. Ground conditions in these units are very poor with a history of failure. The DOZ Breccia 
unit is characterized by: 1) relatively low rock strength, 2) wide joint spacing, 3) variable character, 4) 
easily fragmented by blasting 5) clay-like materials, therefore fragments quickly in the block cave draw 
column, and 6), easily fails under high stress condition; because of the low rock strength. 

• Marble. Rock quality and ground conditions are very poor proximal to the Skarn/Marble contact. 

Based on experience and the DOZ rock properties shown at Table 2 below, the first two-major-rock types are 
the dominant rock types in DOZ Mine, whereas the third one, Diorite rock type is the dominant rock type in 
the ESZ portion of the mine Mine.  

Table 2 DOZ Rock Properties, (B. Coutts, et al, 1999) 

Average UCS Young Poissons Friction Cohesion Friction Cohesion Friction Cohesion
RQD (Mpa) Modulus Ratio Angle (Mpa) Angle (Mpa) Angle (Mpa)

(Mpa) (degrees) (degrees) (degrees)
DOZ Forsterite 85 127.28 72.19 0.26 30 0.01 51.50 20.48 42.70 21.60
DOZ Magnetite 85 97.49 60.67 0.24 33 0.10 44.00 23.03 39.00 22.40
DOZ Diorite 88 111.01 47.30 0.22 29 0.07 62.50 11.72 52.00 17.10
DOZ Marble 66 53.16 42.82 0.23 30 0.03 52.10 9.31 40.30 5.70
DOZ Breccia 68 22.27 9.72 0.26 28 0.05 41.90 5.03 34.10 2.90

Rock types

Elastic Properties Intake Strength Fracture Strength Rock Mass Strength

 

4.3. Hung-up Indicators 
Low Hang-ups are defined as rating 3, 4a and 4b, on the draw point rating system, as illustrated on Figure 3. 
Low hang-ups meet the following criteria: a) rock fragments wedged together at the brow of the draw point, 
b) oversized boulder(s) in the draw point are too large to be loaded and hauled by LHD, c) boulder(s) is 
greater than 2 cubic meters, and d) requires a commando drill to break these large boulders. 

Medium Hang-ups are defined as having a rating of 3 or 4a, as illustrated on Figure 3 if the boulder(s) 
located at less than 4 m above the lintel set. Medium hang-ups meet the following criteria: a) requires “High 
Bombing” to loosen a hung-up boulder(s) within the draw bell if boulder(s) is located above the lintel set at a 
maximum of 2 blasting sticks - or less than 4 m, b) boulder(s) could be greater than or equal to 2 cubic 
meters, and 3) if greater than 2 cubic meters then requires “Medium Reach Drill” to bring down the big 
boulder. 
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High Hang-ups (draw point rating 5), large boulders greater than 10 cubic meters, and at a distance of 4 
meters or greater above the lintel set, have not been recorded in the measured database as this occasion is 
very rare to happen. 

As shown by Figure 5 below, this paper calculates tonnes between low and medium hang-ups in DOZ Skarn 
drawpoints using one year data in 2005.  
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Figure 5 Tonnes between Low & Medium Hang-ups in DOZ Skarn – Actual Data in 2005 

To better understand: 1) dominant rock type in drawpoint and 2) an estimated size distribution of materials in 
the drawpoint, detailed observation and analysis have been conducted to incorporate drawpoint observation 
data collected for visual fragmentation during 22 March -11 April 2005 as well as visual rock type observed 
and low-medium hang-ups data recorded during the same period. The following are the key highlights: 

a. Data filtered with the information of both fragmentation and rock type during the three-week period 
(628 data points). Data was sorted into two groups of fragmentation, Large/Oversize and 
Fine/Small/Medium. 

b. Analysis on the frequency of low hang-ups related to the presence of boulder(s) >1 cubic meter 
(large block and oversize boulder hung-up at <4m above lintel set): the average of large block and 
oversize fragmentation that leads to the ‘Commando’ drill and blast activities is 29%. On the other 
hand, the percentage of Skarn rock type that meets the following criteria: a) the presence of 
boulder(s) >1 cubic meter (large block and oversize hung-up at <4m above lintel set), and b) the 
‘Commando’ drill and blast activities occurred, is 86%. 

c. Analysis on the frequency of medium hang-ups related to the presence of boulder(s) >1 cubic meter 
(large block and oversize boulder hung-up at <4m above lintel set): the average of large block and/or 
oversize fragmentation that leads to the ‘High Bombing’ and ‘Medium Reach Drill’ blast activities is 
29%. On the other hand, the percentage of Skarn rock type that meets the following criteria: a) the 
presence of boulder(s) >1 cubic meter (large block and oversize boulder hung-up at <4m above lintel 
set), and b) the ‘High Bombing’ and ‘Medium Reach Drill’ blast activities occurred, is 87%. 

d. Data was then broadened to the range of 25%-30% of large block and oversize fragmentation 
suspected to leading the secondary drill and blast events. The percentage average of DOZ Skarn rock 
type is 89%. The remaining of 11% is DOZ Breccia and minor Marble dilution. 

By knowing this DOZ Skarn rock type behaviour, we could possibly predict DOZ Diorite rock type as well. 
The percentage of large block and oversize fragmentation of 25%-30%, with the average range of 
(cumulative percent less than) 85%-90% of DOZ Skarn rock type, could lead to the secondary drill and blast 
events.  
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If we take a look at Figure 6 below, the predicted fragmentation of DOZ Skarn using BCF is over-predicted 
by 5%-10% applied to the secondary fragmentation estimations. Assuming that DOZ Diorite fragmentation 
is about the same amount of over prediction, the predicted fragmentation that could lead to the secondary 
drill and blast events, with boulder(s) greater than 2 cubic meters and less than 10 cubic meters, should be 
shifted in the average range of (cumulative percent less than) 75%-90% applied to the secondary 
fragmentation estimations. 
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Figure 6 Evaluating Secondary Tool Box Requirements of DOZ Skarn & Diorite 

PTFI believe that the experience gained utilizing the secondary sizing tools will enable the DOZ production 
crew to more effectively handle the fragmentation, especially when the average yearly fragmentation is 
predicted to become coarser over the life of DOZ as a higher proportion of the coarser diorite rock types is 
placed into production (D. Flint, et al, 2005). 

5 Rock Type and Production Rate 
Production draw rate is difficult to predict; the mining industry experience is somewhat limited for block 
caving in coarsely fragmented orebodies. The draw rate has been minimized to allow the caving to occur as 
we expect the caving rate to be slow.  

This paper suggests using the actual data of draw rate to predict the future. Another analysis conducted was 
to calculate the actual DOZ Skarn production rate curve which would be used as a base for the production 
schedule run using PCBC.  

This new rate replaces the initial predicted draw rates for Skarn drawpoints. The Underground Planning 
group has been using this initial rate for years, see Figure 2 for Skarn (SKN), and sometimes adjustments 
have also been made to increase production tonnages to meet management requirement. The following are 
the key highlights of analysis: 

a. Data collected with the actual information of draw rate (meter per day) and height of draw (HOD) 
from the actual monthly data during the mine commenced in November 2000 through December 
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2006 (about 14,000 data points). During this time period, the mine has never yet been drawing ore 
with Diorite as a major rock type.  

b. The height of draw for each draw point was recorded based on the month-end HOD computed from 
the tons drawn from the drawpoint as reported by the Underground Planning group. These data were 
then sorted into the HOD sectors.  

c. There are two calculations of actual draw rates (meter per day) that have been made to account for 
HOD’s (at a range of 0-60 m, 60-120 m, 120-180 m, 180-240 m and >240 m) and draw rates itself 
(at a range of <0.17, 0.17-0.22, 0.22-0.25, 0.25-0.30 and >0.30 m/day). The average of these would 
answer the facts that a) the lower rates usually happened to the primary fragmentation, b) the higher 
rates could usually be achieved when the drawpoint has high draw column and/or mature condition. 
The rate has been rounded to the nearest 0.0254 meter per day (1 inch per day). 
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Figure 7 Actual Production Rate Curve of DOZ Skarn for Period of 2000-2006  

A graph, as shown by Figure 7 above, shows production rate of DOZ Skarn drawpoints during more than 6 
years in operation, indicates that higher draw column could possibly achieve higher draw rate as well.  

6 Implementation of New Rate Curve with New Predicted Fragmentation  
This paper suggests a practical solution for the production schedule run using PCBC, as now there are many 
PCBC users in the block cave mine industry. There is an approach of combining those two analyses above – 
new rate curve and new predicted fragmentation from the actual data. The approach is to use a PCBC 
keyword called PRC_LABEL. It will enable the production rate curve (PRC) to be scaled by a curve, which 
the input comes from fragmentation estimations. The purpose is to vary draw rates according to 
fragmentation estimations, or to slow down the draw for coarser material. In other word, scale factor is a 
variable to scale production rate designed for Skarn rock type in which column that contains Diorite rock 
type. 

Table 3 Table of %Diorite and Its Scale Factor for PRC_LABEL Input 

Percentage of 
Diorite 

Scale 
Factor 

0% 1.00000 
10% 0.90909 
25% 0.84583 
30% 0.84167 

100% 0.83333 

(6.0 inch/day) 

(8.5 inch/day) 
(9.0 inch/day) 

(9.5 inch/day) 

(11.0 inch/day) 
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The proposed draw rates from DOZ-ESZ 80K Feasibility Study for the primary fragmentation of ESZ 
drawpoints, which majority contains Diorite rock type within its draw columns, is 0.127 meter per day (5 
inch per day), whereas the actual calculated draw rates of DOZ drawpoints for the primary fragmentation is 
0.152 meter per day (6 inch per day), see Figure 7. A factor of 5/6 or 0.83333 is given to the draw rate of 
drawpoint with 100% of Diorite rock type.  

The feasibility study proposed 0.254 meter per day (10 inch per day) for ESZ drawpoints when they reached 
the column height at over 240 m, whereas the actual calculated draw rate of DOZ drawpoints for the same 
column height is 0.279 meter per day (11 inch per day), see Figure 7. A factor of 10/11 or 0.90909 is given 
to the draw rate of drawpoint that contain 10% of Diorite rock type. 
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Figure 8 Graph of Scale Factor and Diorite Fragmentation Estimations 

As discussed previously, the percentage of large block and oversize fragmentation at the range of 25%-30% 
could lead to the secondary drill and blast events. However, a draw column with Diorite rock type 
composition at the range of 30%-100% is predicted to be well handled by Secondary Drill & Blast crew and 
should not give significant changes on the scale factor (Figure 8) or significant delay in the drawpoint 
clearance.  

7 Conclusions 
Based on this study, the following conclusions are made regarding the correlation fragmentation, actual 
secondary drill & blast activities, rock type, column height and draw rate; as well as its application to the 
production schedule run using PCBC: 

a. There is a strong relationship between the current presence of Skarn rock type (Forsterite, Forsterite-
Magnetite and Forsterite-Magnetite), rock fragmentation and drilling-blasting activities. The 
percentage of large block and oversize fragmentation (boulder(s) >1 cubic meter that hang-ups at 
<4m above lintel set) appear in the drawpoint at a range of 25%-30%, with the average range of 
(cumulative percent less than) 85%-90% of DOZ Skarn rock type, could lead to low and medium 
hang-ups (the secondary drill and blast events).  

b. The predicted DOZ Fragmentation using BCF is over-predicted by 5%-10% applied to the secondary 
fragmentation estimations. Thus, future ESZ Mine with its majority Diorite rock type could possibly 
be predicted, in terms of production planning, with the application of an advanced production 
schedule run using PCBC keyword “PRC_LABEL” as an input into the production runs.  
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c. New production rate curve, based on rock type, for production schedule run using PCBC could 
possibly reduce the uncertainty of an over-estimated production schedule due to the flexibility of 
changing production rate as its variable input. 

The outcome of this study was then applied to the production schedule run of current 4Q-2007 forecast and 
compared to especially see the ramp-up production for achieving its 80 Ktpd by end-2009 and sustaining 
production for at least 5 years; as well as the ramp-down production with its life of mine (LOM) in 2020. 
Figure 9 shows graphs that the schedule using the percentage rock type applied into the production schedule 
run still achieves the 80 Ktpd by end-2009, even though its production rate uses a conservative production 
ramp-up. 
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Figure 9 Production Schedule Comparison between Current Forecast Run (without PRC_Label) 

and Percentage Rock Type Applied Run (with PRC_Label) 

Figure 10 shows the chart comparison between the draw rates of the schedule run with (the percentage rock 
type applied into the production schedule run) and without (4Q-2007 Forecast) PRC_Label, in ESZ’s 
drawpoints with Diorite as major rock type. 

Being conservative in planning a production schedule of block cave mine is better rather than over-estimate. 
Having fragmentation incorporated, in this case is the percentage of coarse rock type considered into the 
production schedule, will lead to a more realistic and achievable long-term production schedule which will 
avoid an over-estimated production schedule. 

We may require additional tonnages that we can possibly increase if the target setup by management could 
not be achieved with the proposed new draw rate curve. We can possibly add a certain report of which 
economic drawpoints that can continually active after ‘being exhausted’ in terms of its mineable reserve or 
‘overpull’ in the production scheduling process. With this information, we can possibly increase the 
production target in a more realistic way, i.e. lowering shut-off-value or cut-off-grade for those drawpoints. 
This is what we have been doing in the practical way as now we face higher metal prices in the market. 
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Figure 10 Production Schedule Comparison between Current Forecast Run (without PRC_Label) 

and Percentage Rock Type Applied Run (with PRC_Label) in ESZ’s Drawpoints 

With new production rates “relatively” fixed (with given rock types in the block model and a constant 
production capacity), this paper concludes we can still achieve production target in conservative way.  

Acknowledgements 
The authors thank PTFI for permission to publish this paper. The assistance of Underground Planning 
engineers at PTFI in the collection of the fragmentation data from the DOZ mine is also gratefully 
acknowledged. 

References 
B.P. Coutts, H. Susanto, N. Belluz, D. Flint, and A. Edwards (1999), Geology of the Deep Ore Zone Ertsberg East 

Skarn System Irian Jaya Indonesia, PacRim 1999 Congress, edt. G. Weber, p. 539 – 547, (Australasian Institute 
of Mining and Metallurgy, Denpasar – Bali, Indonesia). 

R. W. Pratt, A. Srikant, D. E. Nicholas and D. C. Flint (2002), Analysis of DOZ Fragmentation, Call & Nicholas Inc., 
Internal Report prepared for PT Freeport Indonesia, p.79-109 

D. C. Flint, A. Sinuhaji, B. Setyoko and H. Kalangi (2005), Secondary Breakage Practice at the DOZ Block Cave Mine, 
Ninth Underground Operators’ Conference, p. 53-56 (Perth, Australia) 

A. Srikant, D.E. Nicholas and L. Rachmad, Visual Estimation of Fragment Size Distributions in the DOZ Block Cave 
(2004), MassMin 2004 Conference, p. 286-290 (Santiago, Chile) 

C. Kurniawan (2005), Fragmentation in DOZ Block Cave Mine, 2005, Internal Report prepared for PT. Freeport 
Indonesia, p. 1-8 

C. Kurniawan and H. Fujiono (2006), Influence of Rock Fragmentation into Production Schedule of DOZ Block Cave 
Mine, Internal Report prepared for PT. Freeport Indonesia, p.1-10 

PTFI (2007), DOZ 80K Expansion Feasibility Study, Chapter 4 - Rock Mechanic, p. 4-1 to 4.19 
 
 



 

 302

 
 



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Block cave scheduling with a piece of paper 

Tony Diering. Gemcom Software International Inc., Canada 

 

Abstract 
Use of simple drawings on a piece of paper can be surprisingly useful in understanding some of the 
mechanics of block cave production schedules. The paper shows how block caves can be compared with 
panel caves and how mining sequences can affect project valuations. The techniques discussed can also be 
used to look at dilution entry, caving methods and consequences of opening new draw points. 

Another common question relates to maximum production capacity and multiple lift scenarios. These can 
also be better understood when viewed using the graphical techniques in this paper. 

Some examples from real projects are presented. These are useful to explain some key differences from one 
mine to the next. 

1 Introduction 
The main objective of this paper is quite simple. It aims to remind planning engineers that there is a lot to be 
gained by simply thinking about a problem rather than always relying on complex computer programs to do 
all the work for us. 

Having been involved in the planning of dozens of block operations and layouts over some 20 years, it 
became apparent that there are several key aspects of a block cave production schedule which, although quite 
obvious, are sometimes overlooked. Or, in some cases, reliance is placed on a computer program to do the 
“thinking” instead. It is believed that much is to be gained by pausing to think about some of the basics of 
any block cave mining block before doing loads of computer runs. Often the best option will be chosen from 
a number of computer runs. But if the computer runs themselves do not span the correct range of options, the 
“local” best run chosen will not necessarily be a global best or even good option. This will provide more 
opportunity to understand some of the key drivers in a schedule. 

Some of the factors considered in this paper are as follows: 

• Vertical mining rate (draw point maturity of production rate per draw point) 

• Lateral mining rate (rate of opening new draw points) 

• Variable shut-off rate 

• Maximum production capacity 

• Multiple lift scenarios 

• Cave draw strategies 

• Relative sizes of block cave mines 

It is natural and generally very useful to compare a new block cave with older or other ones to gain insights 
and look for similarities between each mine. However, in doing the comparisons, it is equally important to be 
wary of the often significant differences between different caves. It is hoped that the simple techniques 
presented in this paper will help to highlight these differences and provide better understanding to a planning 
engineer BEFORE he/she embarks on a computerized planning exercise. 

There is little which is new in this paper. For example, Pesce and Ovalle (2004) discuss production rate in a 
mass mining situation in a qualitative manner. The intent here is to put established ideas into a graphical 
format which may make them easier to work with – particularly for the many people who may be new to the 
block caving world. 
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2 Methodology 
There are various forms of block cave mines: 

• Front cave 

•  “Pure” block cave 

• Panel cave 

• Hybrid cave 

• Inclined cave 

In a “pure” block cave, one would develop all the draw points up front and extract them somewhat evenly to 
pull down the cave. In a panel cave, one is required to do development of new draw points in a continuous 
manner as part of the overall mining process. In some cases, if the size of the deposit is too large, then the 
footprint can be further divided into separate panels which are mined separately (each as a sort of 
independent mini-cave). An inclined cave could in theory be block or panel in nature, but the draw points are 
steeply inclined. A front cave could be considered as an extreme form of panel cave in which each line of 
draw points is essentially mined out before the next line starts. A hybrid cave might be considered as one 
which shows some attributes of both a block cave and panel cave. 

Based on available literature (Moss (2004), Casten et al (2004), Brannon et al (2004)) and personal 
experience, Table 1 shows a broad classification of some well documented block cave mines. 

Table 1 Broad classification of some block cave mines. 

Front cave Block cave Panel cave Hybrid cave Inclined cave 

Shabanie 

Bulawan 

Cassiar 

Koffiefontein 

NPM Lift21 

NPM lift 2 

Palabora 

 

Andina 

Salvador 

El Teniente 

DOZ mine 

Deep Grasberg 

Many more 

Finsch Block 4 

Ridgeway 

Finsch Block 5 

Cassiar 

 

Another important aspect to consider is that not all block caves are equal. A very small block cave might 
consist of only 100 draw points (or less) and a reserve of around 20Mt. A very large cave might consist of 
3000 draw points and a billion tons. That is a tonnage ratio of 50:1! In comparing different caves, one needs 
a way to do this where the difference is size is readily apparent. 

It is common to compare a block cave in scale with, for example, the Eiffel tower or another block cave. 
Usually this is done by looking at a typical cross section. The problem with this is that this comparison 
ignores the third dimension. For example, it is possible to generate a cross section of DOZ or a Northparkes 
type block cave which look quite similar. Each might have 10 to 12 draw points across and a column height 
of 400 to 500m. But, in the third dimension, the DOZ would be much bigger, since it could have 60 or more 
lines of draw points compared with a 10 or so for a smaller cave. Thus, in showing a block cave “on a piece 
of paper”, we need to combine the X and Y true dimensions into the X axis on a piece of paper and the true Z 
dimension (up and down) can become the Y axis on a piece of paper. One can consider the X axis (on paper) 
as a representation of the total draw point area (X * Y), but it turns out to be more useful to put draw point 
sequence as the X axis. Figure 1 shows an example for a small block cave and a large panel cave. 
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Figure 1 Relative tonnage (size) for a small block cave and large panel cave 

In doing this, the X axis on the piece of paper is not quite the same as a real X or Y axis in space. To some 
extent it suggests a time axis. But this is not strictly true either as will become apparent in later examples. By 
using draw point sequence on the X axis, we represent both the mining sequence and also the scale implicit 
in using area instead of a single linear dimension. 

 

Figure 2 Representation of current state of mining 

In Figure 2, mining is from left to right with increasing draw point sequence. The HOD (Height of Draw) for 
new draw points is close to zero and the HOD for mature draw points is close to the maximum economic 
HOD. The state of mining at any point in time is represented as a single diagonal line as shown in Figures 2 
and 3. As time progresses, this line will move from left to right across the page because we have put the draw 
points into their opening sequence. 

 

Figure 3 Ramp up, steady state and ramp down phases 

We can then represent a mining state at any point in time as a diagonal line sloping top left to bottom right. 
The three examples in Figure 3 represent ramp up (a), steady state production (b) and ramp down(c). During 
ramp up, no draw points are closing and new draw points are being added. During ramp down, no new draw 
points are being added. During steady state production, draw points are opening and closing at approximately 
the same rate. The total time to open all draw points is represented as the time to move from P to Q in Figure 
3. The time to mine the last draw point is represented as moving from Q to R. This is referred to later in this 
paper. 

The rate of extraction of material from draw points is variously referred to as draw point maturity, PRC 
(Production Rate Curve) or mining rate. For simplicity, we will assume that all draw points always have the 
same draw rate or a constant PRC. If the PRC is increased, then the diagonal lines become steeper. If the 
draw rate is decreased, then the production line is shallower as shown in Figure 4. 
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Figure 4 Different rates of vertical draw 

What this says is that for a high vertical draw rate, the life of each draw point is reduced and the number of 
draw points active at any point in time is also reduced. Conversely, with a slower rate, more draw points 
would be active at any one time and the life of individual draw points is increased. 

 

Figure 5 Variable maximum / economical HOD 

Usually, the maximum or economic height of draw for each draw point is variable depending on the height 
of the economic column above each draw point. This is shown schematically in Figure 5 above. 

 

Figure 6 Panel vs block cave 

In the above example, we can see the essential differences between a panel and block cave: 

• Panel cave moves horizontally 

• Block caving moves vertically 

• Draw point opening is continuous for a panel cave, but relatively quick for a block cave 

From the above figures, we can now start to do some simple calculations. We can use the following 
terminology: 

N = Number of new draw points per period 

A = Area of each draw point 

H = Average (maximum / economical) height of draw for draw points 
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M = Total number of draw points in layout 

D = Average density of material 

V = Vertical mining rate (m/period) 

R = Reliability (or availability) of draw points 

V’ = Effective vertical mining rate 

TL = Life of a single draw point 

TU = Time to do complete / entire undercut 

TM = Mine life 

TR = Time to ramp up to full production 

TE = Time to end off (ramp down) 

TF = Time mining at full production rate 

PB = Maximum sustainable production rate for a block cave 

PP = Maximum sustainable production rate for a panel cave 

NA = Number of active draw points in a panel cave 

Then we can define the following simple equations: 

 V’ = V R  (1) 

 TL = H / V’  (2) 

 TU = M / N  (3) 

 TM = TU + TL  (4) 

Referring to Figure 3, TL is the time to move from P to Q and TU is the time to move from Q to R. For a block 
cave, TL >> TU. For a panel cave, TU >> TL.  

Next, we consider maximum production rate. 

For a block cave, the mining direction is mainly vertical since we have to wait for all draw points to be 
developed. For a panel cave, the mining direction is mainly horizontal with new draw points replacing older 
draw points continuously. 

 PB = M A D V’  (5) 

 PP = N A D H  (6) 

The differences between (5) and (6) are both simple and yet confusing to many. In a block cave, the vertical 
mining rate is very significant (i.e. how many tons we can get out of each draw point each day). Production 
rate is independent of how long it took to develop the draw points. For a panel cave, we have the exact 
opposite. The maximum sustainable production rate is independent of how many tons we get out of each 
draw point each day! But it depends strongly on the rate for opening new draw points. 

For a panel cave increasing the vertical rate of draw should be considered only as a short term tactic to 
temporarily increase total production or as a means of smoothing out the production rate. It is not a long term 
strategy to increase total production rate. Increasing vertical rate of draw simply increases the gradient of the 
“mining line” shown in Figure 4. It does affect the ramp up and ramp down times, however as is shown later. 

It is also useful to note the very significant effect of the area of each draw point (A) on maximum production 
rate. For example, maximum production rate for a draw point spacing of 16 X 18m would be about double 
that from a 12 X 12m spacing, thus requiring almost half the amount of draw points to be opened for the 
same production rate (M ∝ 1/A and N ∝ 1/A). This is not a new idea, but simply helps explain the great 
desire of mining engineers to increase draw point spacing so that the required number of draw points to be 
installed can be reduced which also reduces total time and cost. Of course increasing spacing also increases 
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pillar size and strength. The drawback is the risk of reduced ore recovery, but that is not considered further in 
this paper. 

From (5) (which is for a block cave), we can deduce the maximum number of active draw points for the case 
of a panel cave as: 

 NA = PP / (A D V’)   

or  NA = N H / V’  (7) 

Next, we consider the ramp up and ramp down times and TR. and TE. In the case of a panel cave, the ramp up 
time is the same as the time until the first draw point closes, since the number of draw points will steadily 
increase until the first draw point is closed. The time to ramp down is also about equal to the life of a single 
draw point since the production rate starts to slow down when we cannot open new draw points and we have 
then to wait while the last draw points are mined out. Thus: 

 TR = TL  (8) 

 TE = TL  (9) 

The ramp up time for a block cave is slightly different, since after the last draw points are developed, there is 
usually an additional delay while the draw rates of the newer draw points are slowly ramped up. This has not 
really been considered here, but could be without much difficulty. (We could add a delay of about 1/3 the life 
of a draw points to compensate for this). For a block cave, TE ≈ 0 as all draw points would typically be 
closed together at the end of the mine life. 

Similarly, the time that mining takes place at full production is given as: 

 TF = TM - TR - TE  (10) 

Or TF = TU – TL    (for a panel cave)  (11) 

Note that the only effect of draw point reliability is to change the effective vertical mining rate. It does not 
affect the maximum production rate. 

3 Example 
Using the above formulae, we can substitute some typical values for a panel cave and for a block cave. The 
results are shown in Tables 2 and 3. 

Table 2 Panel cave example 

 
In this example, a panel cave opening 7 draw points per month with an average column height of 480m and a 
draw point spacing of 15 X 18m or area of 270m is able to produce up to 81,000tpd with a steady state time 
of 10 years for a total mine life of 21 years. 
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Table 3 Block cave example 

 
For the block cave example, we have a lift height of 500m with 300 draw points and a vertical mining rate of 
25cm/d and average availability of draw points at 60%. This gives us a mine with a production rate of 
35,000t/d and a mine life of 11.3 years. 

The above numbers seem reasonable and provide some good rule of thumb estimates. In this example, we are 
opening more draw points per year for the block cave since development of draw points is usually done 
before production starts compared with a panel cave where production and development have to compete for 
resources. Also, in this example, the draw point availability was simulated to be quite low (at 60%). This 
would simulate mining in difficult or very coarse ground (not unlike the situation at Palabora). This 
highlights one of the advantages of a panel cave approach over a block cave in that the effect of coarse 
fragmentation would not affect maximum production in the same way. 

4 Grade and mining sequence (for a large panel cave) 
Next, we can take a brief look at the effect of grade and mining sequence. We have already noted that the 
figures from the previous section show draw points listed in the order that they will be developed (i.e. mining 
sequence). In order to add the grades (schematically) to these figures, let’s consider a few basics. 

A typical draw point should have a grade profile in which higher grade is nearer the base of the draw point 
and this decreases gradually with increasing column height. As the column height increases, dilution will 
slowly increase pulling down the grade. This is shown schematically in the left of Figure 7. If we can 
sequence draw points so that higher grades are mined earlier, then the grade profile will change as shown 
schematically in the right of Figure 7. 

  

Figure 7 Grade variation vs HOD. HOD only (left) HOD and optimized sequence (right) 

In the previous figure, the X axis represents draw point sequence. This also represents time, since the left 
most draw points would be mined before those to the right. If we now consider the effect of discount rate 
(with time) in Figure 8, we can see how the value of future revenues is reduced for present value. For 
example, after 9 years (A) at a 10% discount rate (B), the discount value is only 40% of the original value (C 
in Figure 8). 
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Figure 8 Effect of discount rate on value per year. 

 

Figure 9 Variable shut-off effect 

Referring to Figure 9, line A-A’ could represent a variable shut-off strategy with time. Early in the project, 
the shut-off is higher so that less low grade material (at the tops of draw points) would be mined. The shut-
off grade (or value) would gradually increase during the life of the mine. Line B-B’ represents the state of 
mining after a given time without using a variable shut-off, while line C-C’ is using the variable shut off. In 
this example, the variable shut-off grade will result in mining material in zone E (higher grade) instead of 
zone D (lower grade). The increase in value usually outweighs the loss of tonnage (since material in zone D 
would likely never be mined). A more rigorous discussion is given by Rubio (2004). In part from the figure 
above, we can suggest the following conditions under which a variable shut-off strategy could be useful. 

• When draw point capacity exceeds mill or ore flow capacity 

• When column heights are high and restricted by grade, not geotechnical considerations 

• When discount rate is high 

• For large projects of more than 10 years 

• Multi-lift- close first lift to start second lift 

A schematic example of the multi-lift scenario is shown below. 
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Figure 10 Variable shut-off with a multi-lift scenario 

Referring to Figure 10, the top part shows mining of two lifts (where the second lift appears alongside lift 1, 
since we are plotting in draw point sequence (not spatial position). Assuming that some optimization of the 
sequence is possible, then one would expect each lift to mine higher grade material ahead of the lower grade 
material. Then (in the top part of Figure 10), the mining of the last low grade material in lift 1 delays the start 
up of the second lift. In the bottom part of Figure 10, the mining of the low grade from lift 1 is terminated 
earlier and the high grade of lift 2 is reached sooner. In a multi-lift scenario, it is also likely that some of the 
low grade lift 1 material could ultimately be recovered from the second lift as shown in the bottom right of 
Figure 10. 

Table 4 Individual draw point values – Undiscounted vs discounted 

 
Next, we can consider draw point opening sequence. Refer to table 4 and Figure 8. Using a 10% discount 
rate, the average residual values averaged of 5 year periods from 1-5, 6-10 and 11-15 are shown in the table. 
Consider two draw points A and B. Both have 400,000 tons, but A has an average net dollar value (after 
deduction of mining and milling costs) of $25/t and B has $1/t. The undiscounted values are $10 million and 
$400,000 respectively. If we can change a draw point opening sequence such that just one high grade draw 
point (eg A) is mined in the first 5 years instead of the last 10-15 years, then its NPV contribution will 
increase from $2.9M to $7.6M for a net increase of nearly $5M for that single draw point. On the other hand, 
if we took one low grade draw point and mined it in the last 10-15 years instead of the first 5, then the loss of 
NPV contribution would only be ($303k - $42k) = $0.26M. Clearly, there is much to be gained by targeting 
high grade zones with the draw point opening sequence. In this example, simply swapping the order of these 
two draw points could contribute a further $4.4M towards NPV. For a larger layout, if we could do this 100 
times for an average improvement of $2M per swap, that would add $200M to the project NPV. Clearly, 
draw point sequence is important. It needs to be balanced against production start up and development costs 
for each sequence. 

A common problem in doing the above is the need to consider whether a sequence is restricted to start from 
the edge of the layout (which is generally characterized by lower grade draw points).  
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The effect of sequence and discount rate are shown schematically in Figure 11. In this case, each draw point 
is represented as a vertical column. They are colored based on dollar value and Figure 11 shows a good 
sequence resulting in higher grades being mined first. The effect of time discounting is shown schematically 
in the lower part of Figure 11. In this case, we have reduced the apparent height of draw (or column reserve) 
to show how the contribution from the latter part of the draw point sequence could be reduced due to the 
discount rate. In this case, it is the lower grade material which is being “squeezed” which is what we would 
seek in practice. 

 

 

Figure 11 Draw plot. Normal (above) and with time discounting effect (below). 

5 Concluding Remarks 
This paper has aimed to demonstrate that some relatively simple drawings and calculations can significantly 
improve one’s understanding of some of the underlying fundamentals which may affect any block cave 
mining project. Some of the factors affecting mine life, maximum production rate and draw point opening 
rate and sequence have been investigated. 

In particular, it is important for planners to take the time to think about these fundamentals before conducting 
detailed computer. Doing so will help with the subsequent interpretation of results and the explanation to 
others of what is being generated. It may also result in better designs overall. 
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Abstract 
Previous analyses of rockburst data have identified excavation size, depth, dykes, and faults/shears as the 
factors that significantly impact rockburst occurrence. It is also often assumed that for tabular orebodies, 
major farfield stresses are normal to the orebodies. The geometry of the orebody is never cited as a 
significant factor. The geometry of orebodies is controlled by their genesis and hence can be complex. The 
tectonics of the region in which orebodies occur can further complicate their geometry by imprinting 
structures on their existing geometry. The state of stress at a given site is dictated by the site geology and 
tectonic regime. In mine design orebody geometry, existing discrete geological structures and the state of 
stress must be taken into account to obtain an optimum safe and economic design. From the geomechanics 
point of view, the relationship between the orebody geometry, geological structures and stress tensor, is key 
in optimizing mine layouts, stope sizes and sequences. The geometry and mode of occurrence of orebodies 
can vary with depth and lateral extent. Changes in orebody geometries result in changes in their orientation 
relative to the major farfield stress. These geometric changes may be of any of the following forms: kinks, 
curvature, offsets (due to dykes, faults and shears), change in dip and or strike, continuity, singular to 
splinters or multiple ore lenses. Varying orebody shape and geology in the same stress state can result in 
unfavourable local mining geometry and stress states in the same orebody or mine. Current approaches to 
mining and stope sequence planning and optimization focus on the regional and mine-wide geology, 
excavation size and depth with little attention to orebody geometry (shape) and local changes in geology and 
thus ignore the changes in local geology- and orebody geometry-stress state relationships. The consequences 
of this oversight are loss of stopes, orebody sterilization, blasthole stability problems and unexpected and 
severe seismicity in orebodies that are otherwise safely and economically mined in some sections of the 
orebody or mine. This paper presents cases of how local geological controls and orebody geometries 
(shapes) result in unfavourable stress states in mine and stope layouts to cause blasthole stability problems, 
dilution and seismic hazards in underground mines in the Canadian Shield. It is also shown that many 
tabular orebodies exist in which the major farfield stresses are oblique rather than normal to the orebodies 
contrary to current assumptions and that these anomalies result in orebody shearing to the detriment of safe 
and economic mining. 

1 Introduction 

1.1 Rockburst phenomenon 
Salamon (1983) reports that rockburst occurrence was first documented in the Witwatersrand Mines (South 
Africa) in 1908. Blake and Hedley (2003) note that in North America rockbursts first occurred in the United 
States and later in Canada in about the 1900s.  

It has long been established that rockburst occurrence increases with depth, extraction ratio and mining rate. 
The presence of geological structures (Dykes, shears, faults) and excavation size and geometry also increase 
rockburst potential. The manner in which an orebody is mined relative to the stress field and geological 
structures, also impact rockburst occurrence.  

Three types of rockbursts have been identified as strainbursts, pillar bursts and fault-slip (Kaiser et al., 1996). 
To date, some rockburst events are still unexplainable by these factors and remain a paradox. Salamon 
(1983) writes “a disconcerting feature of rockbursts is that they defy conventional explanation”. The 
following are in support of this statement: Falmagne (2001) reports rockbursts occurrence at 250 m below 
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surface at Lac Shortt Mine that will not be anticipated because of the shallow depth. Morrison (1993) by 
comparing groups of two mines coupled together with apparently similar mining configurations in four types 
of ore deposits in the Sudbury Basin showed that each mine in a couple displayed dramatically different 
levels of seismicity despite that for each couple the mining configuration and geology were similar. It is not 
also uncommon for different sections of the same orebody or mine to react differently in their response to 
mining in terms of rockburst occurrence. Today, major strides have been made in the understanding of 
rockbursts, but the prediction of when a rockburst will occur remains an illusion.  

1.2 Rockburst Studies at the Geomechanics Research Centre (GRC), Sudbury Canada 
Between 1990 and 1995 a special rockburst research program, the Canadian Rockburst Research Program 
(CRRP) funded by the Canadian Mining Industry Research Organization (CAMIRO) was conducted. The 
final product of this research is the Canadian Rockbursts Handbook in six volumes. The Geomechanics 
Research Centre contribution to the research is the Canadian Rockburst Support Handbook (Kaiser et al. 
1996) published by the Geomechanics Research Centre, Sudbury, Ontario, Canada. 

Experience at the Geomechanics Research Centre (GRC) over the last ten years from three obliquely loaded 
orebodies (major far-field stress oblique to strike) shows several characteristic problems that differentiate 
them from those having major far-field stresses normal to strike or dip. The major problem with orebodies in 
shear is the unusual frequency of seismic activities and at locations they are least expected during mining. In 
addition to the severity and frequency of seismicity in these orebodies they are also associated with major 
dilution problems. Where potential causes of rockbursts are recognized, special precautions are often taken 
to eliminate or minimize the impact depending on the burst type anticipated. On the contrary, disaster strikes 
when the rockburst is an unanticipated. This is the case for mining in orebodies in shear, because the 
mechanism of shear in orebodies has not been previously linked to rockbursts. 

At Quirk Mine, Elliot Lake, where the orebody is near horizontal and mined by room-and-pillar mining 
method, when the geometry of the pillars was changed from dip- to essentially strike-pillars to accommodate 
trackless equipment the pillars became loaded in shear perpendicular to the ribs and the mine became highly 
burst-prone for years. This case history is described in detail in Hedley (1992). 

 At Lac Shortt Mine, a steeply dipping orebody (single block) was loaded with an inclined horizontal stress 
field and became highly burst-prone during bottom-up mining. Rockbursts occurred at depths as shallow as 
250 m (Falmagne, 2001) and shakedown failures were common. Falmagne (2001) showed that as a 
consequence of the inclination of the major farfield stress to the orebody strike the direction of mining 
impacted the location and intensity of rockmass degradation in the host rocks at this mine which affected the 
stability of major infrastructure in the footwall. 

The F-zone of Campbell Red Lake mine consists of three en-echelon primary ore lenses or mining blocks 
with orebody offsets of varying geometry. At the end of 1983 a series of major rockbursts occurred in the F-
zone resulting in the suspension of mining operations in this zone of the mine (Hedley, 1992). The orebody 
is steeply dipping and had been mined by shrinkage stoping method leaving boxholes and sill pillars ranging 
in thickness between 2.4 m and 7 m. In 2004 the authors were invited to evaluate new mining plans for 
remote mining of the remnant sill pillars. Review of stress measurement data at the mine revealed that the F-
zone orebody is in an inclined stress field where the major horizontal principal stress is oblique to the 
orebody strike and thus is not normal loaded as assumed in previous studies (e.g. Golder Associates, 1999; 
Arjang, 1989). A review of the historical seismic records and various consultants’ reports also showed that 
the bursting started in 1981/82 at 11L and propagated laterally and vertically with time to various sections of 
the en-echelon orebodies. Contrary to the consultants’ reports that bursting originated in the sill pillars the 
authors (Kaiser and Suorineni, 2005) concluded that the seat of the bursting was the offsets. The rockbursts 
propagation pattern was either along offsets, or towards the stope centre (where HW/FW convergence is 
highest), rather than in the sill pillars. 

The authors are of the view that orebody shape and orebody inclination to the major farfield in situ stress are 
additional factors that contribute to the severity, frequency and unexpected nature of rockburst occurrence. 
We hypothesize that one explanation for some of the unexplained occurrences of rockbursts to date is that 
orebodies oriented at oblique angles to the major farfield in situ principal stresses tend to have unusually 
high severity and frequency of rockbursting and these bursts can also be at unexpected locations. Changes in 
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orebody shape increases the probability of sections of such an orebody being loaded in shear in the same 
stress field. We suggest that because oblique loading of orebodies has not been previously recognized as 
impacting rockbursts the condition is not accounted for in mine planning and design and could be the cause 
of unexpected rockbursts, high dilution and production blasthole stability problems. 

The paper identifies signs for shear loading in orebodies and how these impact their stability. Case histories 
are presented and analysed to support the shear loading hypothesis as cause for unusual and unexpected 
seismic activity, high dilution and production blasthole drilling and stability problems. It is suggested that 
particular care be taken to identify signs of shear loading during mine planning and design so that proactive 
measures can be taken to mitigate the risk in mining such orebodies. 

2 Orebodies in Shear  
Favourable conditions for rockburst occurrence are described by Blake and Hedley (2003) as a combination 
of complex geology consisting of folding, faulting, metamorphism and tabular shaped orebodies that are 
hard, strong and brittle in stress environments where the major field stress is normal to the orebody. A 
common and risky assumption often made in the planning and design of mining orebodies is that the 
orebodies are normal to the major farfield principal stress. For example Arjang (1989) concluded that a 
common feature at mines with near vertical orebodies is that the maximum principal compressive stress acts 
perpendicular to the strike of these orebodies while the minimum horizontal principal stress is parallel to 
strike. Some of the mines included in this categorization are Campbell Mine and Quirke Mine. As shown in 
Section 1.2 above this is not the case for the two mines discussed. Morrison (1993) and Morrison and 
Galbraith (1990), state that the North Mine 120 Orebody is normal to the major farfield principal stress. As 
will be shown in Section 3.1.1, there is little evidence to support this claim, but more evidence to support the 
contrary.  

Sections 2.1 and 2.2 explain why it is not uncommon for orebodies not to be normal to the major far field 
principal stress but rather oblique to these stresses. These sections also explain why it is common for mine 
planners and designers to commonly make the wrong assumption that orebodies are normal to the major 
farfield principal stresses. 

2.1 Geological controls 
Orebodies are geological bodies whose shapes, types, composition and origins are inseparably linked to the 
geological history of the regions in which they occur (Baumann, 1976). Orebody geological controls such as 
dykes, faults and shear zones determine their shape and how they can be safely and economically mined at 
profit. Structural controls can be divided into regional and local or detailed. Detailed structural controls can 
be further subdivided into mine-wide and local or ore lens specific. The regional structural controls 
(Mountain ranges, regional faults) determine the broader localization of ore belts or mineral deposits within 
wide areas that may encompass several mines or shafts while mine-wide localization entailed the sub 
detailed features associated with the individual mine orebodies. Local structural controls refer to the detailed 
structures associated with sections of an orebody. The latter two are structures associated with the orebody 
and includes fissures, shear zones, folding, faulting and dykes. These structures often require careful 
mapping and drilling to delineate them. They are closely related to the orebody and have influence on mine 
planning and design for safe and economic extraction of the orebody. Local structures affect the stability of 
nearby stopes at all mining stages, while regional structures affect mine stability at higher extraction ratios. 

The tectonic regime of a region is responsible for the existing in situ state of stress in that region. In general 
the existing state of virgin stress in a rockmass is the cumulative product of events in the rockmass 
geological history (Amadei and Stephansson, 1997) and is largely made up of gravitational and tectonic 
stresses (includes residual stresses from physical and structural changes).  

The effects of geological controls are rotation of the stress tensor from what might generally be considered 
normal. Geological structures also control shapes of orebodies which for example if arcuate can subject its 
various sections to different loading mechanisms. McKinnon (2006) concluded from numerical modelling 
analysis that the concept of an average stress field may in some geological conditions be misleading. High 
variability in the orientations of measured in situ far field stresses is another for incorrectly defining reliable 
in situ stress directions. 
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2.2 Role of in situ stress orientation variability 
Orientation of principal stresses is severely influenced by both regional and local geological structures. The 
geology of ore deposits is complex. Most in situ stress measurements in the Canadian Shield are from 
underground mines (Maloney and Kaiser, 2006) conducted in orebody locations. Arjang (1989) present data 
for in situ stress measurements at mine locations in the Canadian Shield and states that most of the stress 
measurement location sites reflected a complex history of intermittent folding, faulting/fracturing and 
intrusive activity.  Complex geology or rockmass heterogeneity is more responsible for the large scatter often 
observed in in situ principal stress orientations (Martin et al. 1990; Amadei and Stephansson (1997) than 
measurement procedure accuracy. Deviations of principal stresses from the vertical and horizontal directions 
of up to 30% are common (Li, 1986; McKinnon, 2006). Thus the complex geology associated with orebodies 
and orebody shapes cause significant variations in principal stress orientations to result in the occurrence of 
orebodies in shear loading more frequent than has been conceived. 

Because of the rather large variations often encountered in in situ stress orientation measurements the true 
orientations of the major farfield stresses are difficult to determine and hence the common notion that 
orebodies are normal to major far field stress orientations is simply a result stress orientation averaging with 
largely skewed data. We strongly propose that in situ stress measurements be complemented with borehole 
and excavation breakout surveys to determine true orientations of the stress tensor. Also, rather than using 
mean stress orientations the use of modes and median values should be examined as these are better 
representations of central tendencies in skewed data. 

3 Case histories 

3.1 Case history 1 
Morrison (1993) showed that pairs of mines in the Sudbury Basin displayed dramatically different levels of 
seismicity despite that for each couple the mining configuration and geology were similar. As part of this 
study Morrison (1993) compared seismic activities in the 120 and 810 Orebodies in North and South Mines 
respectively (Figure 1). For this couple, North Mine was shown to be highly seismic while South Mine was 
non-seismic. The study revealed that the shape of an orebody can result in entirely different levels of 
seismicity in its different sections. Detailed description of the ground control problems encountered during 
mining of the 120 Orebody was given and used in this study.  

3.1.1 Description of case history 

The following is a summary from Morrison and Galbraith (1990) and Morrison (1993) of ground control 
problems encountered during mining of the 120 Orebody, North Mine. North Mine is a Vale Inco Ltd. 
Property and consists of a series of isolated orebodies of which the 120 Orebody is one. The 120 Orebody is 
steeply dipping and varies in width between 7 m and 25 m. The mining method used was vertical retreat 
mining (VRM). The stope sequence is shown in Figure 2. Mining consisted of first taking primary stopes as 
shown in the southern leg followed by secondary stopes. The southern and northern legs are separated by a 
large waste pillar such that mining in one leg does not affect the other. By 1985 all primary stopes were 
taken except for stope 113. During mining of the 113 stope in January 1986, severe seismic activity and 
rockbursting was experienced in the area. Based on damage location and source of the bursting the cause of 
the rockburst was initially attributed to the violent failure of stope pillar 114 (Morrison, 1993). Later, 
installation of a microseismic monitoring system revealed that contrary to the earlier conclusion, that the 
seismicity originated from stope pillars 114 and 115.5 most events were actually located in the Hangingwall 
of the southern limb. Very few events and problems were encountered in the northern limb. Significant 
degree of failure occurred in the walls of the entire orebody. 

Production blastholes in stope pillars 116.5 and 118 were recognized to suffer squeezing and breakout. For 
fear of loosing these stopes they were mined together earlier than scheduled and these together with stope 
117 were unfilled leaving a large opening of 60 m along strike. In May 1987, 13 m of Hangingwall collapsed 
into the open stope. This resulted in an increased span which subsequently led to back caving of the opening. 

Morrison (1993) and Morrison and Galbraith (1990) attribute the anomalous behaviour of the 120 orebody 
southern limb compared to the northern limb and the 810 Orebody of South Mine to the following: 
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1. The stress regime at North Mine is different from the Sudbury Basin Regional stress model. They 
argued and tried to show that the minor and intermediate principal stresses at North Mine are 60% 
less than the magnitudes of the Sudbury Basin Regional stress regime equivalents. The quartz 
diabase enveloping the 120 Orebody is inherently more brittle than the host rock of the 810 Orebody 
at South Mine.  

To date, North Mine numerical models input stresses are still based on the Sudbury Basin Regional 
stress model for the reason that there is no evidence to support the different stress model for North Mine 
proposed by Morrison (1993) and Morrison and Galbraith (1990) (Malek, per. Comm.).  
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Figure 1.    North and South mine geology 
showing 120 and 810 Orebodies 

Figure 2.    Mining sequence of the 120 orebody. 
Numbers are stope sequence numbers  

2. The size, shape and relative orientation of the rock blocks in the walls of the orebody influence the 
nature of the response in the two limbs of the 120 orebody. 

3. The difference in extraction ratios between South and North Mines. Extraction ratio in South Mine 
was much smaller than at North Mine. 

We hypothesize that the ground control problems encountered in the 120 Orebody South limb compared to 
the north limb and 810 Orebody were typically due to the orebody shape and orientation of its various 
sections relative to the major farfield principal stress of the Sudbury Basin Regional stress model as shown in 
Figure 2. 

3.1.2 Re-assessment of the North Mine 120 Orebody ground control problems – Proof of hypothesis 

The strike of the southern limb of the orebody is 330°. The Sudbury Basin Regional maximum principal 
stress is oriented about 63° oblique to the south limb. The north limb has a strike of 297° and the major 
principal stress is 27° oblique to the north limb. Figure 3a and b show the longitudinal and plan views of the 
120 Orebody respectively in 3D using Map3D (Wiles, 2007). The plan view shows the arcuate shape of the 
120 Orebody. The north limb has a relatively uniform geometry while the south limb is characterized by 
kinks and is non-uniform in thickness. 

Figure 4 shows the deviatoric stress contours based on the m-zero criterion (Martin et al., 1999) after 
extracting the lower part (Violet in Figure 3a) of stope 113 when a dramatic increase in seismicity was 
experienced. Contrary to Morrison and Galbraith (1990) and Morrison (1993) the 114 and 115.5 stopes are 
highly stressed and burst-prone even when the Sudbury Basin Regional stress model is used. While stope 
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pillar 116.5 is also highly stressed and burst-prone, stope pillar 118 is comparatively less stressed. Secondary 
stope pillars in the north limb are less burst-prone as was experienced. Excavation abutments and walls are 
highly stressed and explain the widespread wall failure that was experienced in the whole orebody during 
mining. 

 

(a) 120 orebody 3-D geometry (b) Plan view showing arcuate geometry 
of 120 orebody 

Figure 3 3-D geometry of 120 Orebody 

Figure 5 shows the minor principal stress contours after failure of the 114 and 115.5 stope pillars and mining 
of stopes 116.5 and 118. Pillar failure in the model is simulated by a reduction of the original modulus to 
50%. The figure shows a high tension zone in the walls of the connected 116.5, 117 and 118 open stopes. 
This potential sloughage zone is 14 m deep into the Hangingwall and Footwall and matches the 13 m 
Hangingwall sloughage described by Morrison and Galbraith (1990). The north limb shows no sign of 
sloughage. Hence, the ground control problems described by Morrison and Galbraith (1990) during mining 
of the 120 Orebody are accurately reproduced in a 3D elastic model using the Sudbury Basin Regional stress 
model. Thus, the North Mine stress regime is not different from the Sudbury Basin Regional stress model. 
The difference in behaviour between the north and south limbs of the 120 orebody is due to the relative 
orientations of the two limbs to the regional major farfield principal stress and geometrical differences. The 
northern limb is much more favourably oriented and uniform in thickness compared to the southern limb. It 
is not accurate to describe the 120 orebody as being normal to the regional farfield major principal stress as 
stated in Morrison (1993) and Morrison and Galbraith (1990).  

 

Figure 4 Deviatoric stress contours after mining lower part of stope 113 pillar.  

 

As shown in Figure 1, the 810 Orebody is more perpendicular to the regional major farfield principal stress, 
than the 120 Orebody south limb. However, the 810 Orebody suffered no seismicity. We conclude that the 
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severe seismicity in the south limb of the 120 Orebody is due to this limb being oblique to the major farfield 
principal stress as a result of the arch-shape of the orebody and its non-uniform width. 

 

Figure 5 Minor principal stress contours after mining stope 116.5 and 118 and failure of 114 and 
115.5 stope pillars 

3.2 Case history 2 
This case example shows how change in orebody strike and dip with depth affects mining. In this case 
example the orebody is described as saddle- or beach chair-shaped with change in dip and strike with depth 
(Figure 6). 
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Figure 6    3-D geometry of orebody  Figure 7     Plan views of sections of orebody at 
various depths  

Mining methods used in extracting this orebody are dictated mainly by ore geometry and the need to 
minimize dilution. The midsection of the orebody within the inflexion (change of dip) is mined by 
mechanized cut-and-fill stoping with unconsolidated waste fill. The upper portion of the deposit with steeper 
dip and arcuate shape is mined by up-dip panel mining with a longhole pillar retreat to recover a previously 
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unmineable crown resource beneath an existing mined stope. Up dip panel mining is also used in the flatter 
dip bottom part of the deposit. Figure 7 shows the orebody shape at the top (arcuate), middle (linear) and 
bottom (linear). The figure shows the relationship of the orebody sections in plan view relative to the far 
field stress tensor. The middle and bottom sections have the most favourable orientations relative to the 
stress. The top section being arcuate in geometry is subjected to different orientations relative to the major 
farfield stress depending on the section considered. The left limb is about normal to the major farfield 
principal stress while the middle section and right limb are oblique to the major principal stress at 22° and 
30° respectively. 

 

 

Figure 8          Deviatoric (a) and sigma 3 (b) stress contours down depth of orebody 

Figure 8a and b show deviatoric stress and confining stress contours respectively along the depth of the 
orebody. The results show little stress-induced damage potential except in the stabilizing pillar towards the 
top of the orebody. Of major concern and interest is the size of the relaxed zone and potential sloughage 
above the inflexion region of the orebody where up-dip panel mining with longhole pillar retreat is applied 
and the orebody shape is arcuate. There is little potential sloughage in the middle and bottom of the orebody 
where cut-and-fill and up dip panel mining are used and the orebody shape is linear and parallel to the 
farfield major principal stress direction. The damage zones by relaxation and high stress are reflections of the 
orebody geometry relative to the major farfield stress orientation (Figure 7). 

(a) 

(b) 
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This case example shows how shape and changing orebody geometry relative to major principal stress 
orientation can influence mining method selection and excavation stability in the same orebody. 

3.3 Case history 3 
A series of seismic events occurred at Garson Mine on December 23rd 2006 and January 23rd 2007. A team 
of experts, including the authors, was constituted to review the event occurrences and give recommendations 
for moving forward. 

The December 23rd 2006 events caused damage to excavations on the 5000 and 5100 levels. Figure 9 shows 
the damage locations on the 5000 level. Of importance is the open scissors shape of the dyke that intersects 
the orebody and drifts and its relationship to the rockburst damage locations. 

The mine geology is complex comprising multiple shear zones, faults, dykes and the orebody in a complex 
geometrical form. The major farfield stress is oblique to the structures and orebody. The January 23rd 2007 
rockbursts caused damage to excavations on the 4600 and 4700 levels. 

 

(a) Confining stress contours  (b) Deviatoric stress contours  

Figure 9           Confining stress (σ3)contours (a) and deviatoric stress ( σ1-σ3) (b) contours after 
mining of stopes showing possible causes of rockburst and fall of ground 

Two types of rockbursts occur at Garson Mine. The first type and the most common is strainbursting (the 
January 23rd events) in developments through the Olivine Diabase (OLDI) dyke. The second type of 
rockburst is characterized as a seismically induced shakedown or fall of ground as defined in the Canadian 
Rockburst Support Handbook (Kaiser et al. 1996). 

The December 23rd, 2006 rockburst occurred on the 5000 Level outside the Olivine Diabase where a fault 
zone is running sub-parallel to the South Dyke and crossing the area affected by the 300 tons fall of ground 
(Figure 9b). The Olivine Diabase south leg offsets the orebody at this location and the damage is located in 
the Norite that is faulted and sheared. We hypothesize that the combined effect of orebody shape, offset due 
to the South Dyke and inclined stress field relative to the long axis of the orebody, could create some unusual 
stress conditions near the location of the fall of ground. This hypothesis was quickly evaluated with a simple 
2D analysis. The results of this analysis are presented in Figure 9 to explain the cause for the unusually large 
fall of ground. Figure 9a shows a large zone of low confinement and a highly stressed OLDI south leg 
(Figure 9b). The ground fall at the 5000 Level occurred near the area of low confinement and at the edge of a 
zone of high (>70 MPa) deviatoric stress. It is therefore possible that a seismic event occurred in the highly 
stressed dyke and the fall occurred in the relaxed ground as a shakedown effect. 

300 tons Fall 
of Ground 

Drift though 
North Dyke 

Drift 
through 
South 
Dyke 
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4 Implications for mine planning and design 
Classifications of orebodies are generally based on useful metal content, orogenic and metallogenic zones 
(regional), genesis and type of process (i.e. Chemical or mechanical). While these classification systems are 
important in economic geology they are not critically relevant in mining and geomechanics. 

An ideal orebody classification system should include factors that aid in its practical, safe and economic 
extraction. This is of more interest to exploration geologists, mining engineers and rock mechanic engineers.  

According to the shape classification system one can differentiate sheetlike deposits (e.g. syngenetic seams, 
lens-shaped deposits and veins), stocks and impregnations or disseminated deposits. These classes of 
deposits indicate how they can be extracted and the associated potential engineering implications. We have 
established that many orebodies exist that are not normal but oblique to major farfield principal stresses and 
care should be taken to define the correct orebody-stress relationship as an error in doing so can result in 
improper mine planning and design with serious excavation instability problems resulting in high dilution, 
rockbursts and ore loss. Stress measurements should always be backed with in situ stress induced-damage 
observations to reliably determine the orientation of the major farfield principal stress. 
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Abstract 
Wet muck is one of the biggest challenges from both safety and productivity in P.T. Freeport Indonesia's 
Deep Ore Zone (DOZ) Mine. Wet muck has been identified as one of the top ten risks in the DOZ mine and 
also has a significant impact to the productivity of the block cave operation. Several key elements have been 
undertaken by the underground division at PTFI to mitigate the risks associated with wet muck, also to 
improve productivity: wet muck prediction, new wet muck procedures, mucking strategy, remote control 
mucking, modified chute designs, a trial of fully automated loaders and a comprehensive dewatering 
program. This paper outlines the wet muck issues in the DOZ block cave and the efforts of the underground 
division to reduce the hazards associated with wet muck at the critical areas (extraction and truck haulage 
level) to ensure safety of the workers and continued achievement of desired production rates. 

1 Introduction 
PT Freeport Indonesia operates a copper and gold mining complex in the Ertsberg Mining District in the 
province of Papua, Indonesia (Figure 1). The Ertsberg District is located in the Sudirman Mountains at 
elevation from 3000 to 4500 metres above sea level.  

 

Figure 1 Location of PTFI Mining Operation 

The topography is extremely rugged and rainfall in the mine area averages 5500 mm per year. 
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Current operations in the district include the Grasberg open pit (180,000 tpd ore) and the DOZ block cave 
mine (60,000 tpd ore). The DOZ block cave is the third lift of the block cave mine in the East Ertsberg Skarn 
System (EESS) after the Gunung Bijih Timur (GBT) Mine and the Intermediate Ore Zone (IOZ) Mine 
(Figure 2). The GBT block cave was in operation from 1980 to 1993 and produced about 60 million tonnes 
of ore. The IOZ block cave was started in 1994 and had produced over 50 million tones of ore when it closed 
in 2003. The DOZ block cave started production in 2000 and by the end of 2006; it has produced about 69 
millions tonnes.  

The production level of the DOZ block cave lies at a depth of about 1200 meters below the surface and has 
column heights up to 500 meters. The western part of the DOZ is about 250 meters below the IOZ block 
cave. The cave zone of the DOZ has merged with the caved zones of the GBT and IOZ block caves and 
breached the surface in 2003 (Szwedzicki et al, 2004). 

The increased fine material as result of increased column height, existing DOZ Breccia-Marble, water 
increase, and high production rates have resulted in increased risk of wet muck and spills, especially in 
extraction level. Wet muck has been identified as one of high risk in the underground mines division of PTFI 
for the last three years. The management of wet muck requires geotechnical prediction-monitoring, specific 
draw practices, specific standard operating procedures, technology improvement, and a comprehensive 
dewatering program. 

The efforts of the underground mines division of PTFI to reduce and mitigate the hazards associated with 
wet muck, especially in the extraction and truck haulage level, for the safety of the workers and continued 
achievement of desired production rates are described herein.  

 

Figure 2 Underground Mines Complex in the East Ertsberg Skarn System in PTFI 

2 Geotechnical Conditions in the DOZ Mine 
The DOZ block cave mine is situated within the East Ertsberg Skarn system (EESS) which consists of skarn 
assemblages locally intruded by variably altered Ertsberg Diorite. The Ertsberg diorite forms the footwall 
with forsterite skarn, magnetite-forsterite skarn, magnetite and DOZ Breccia (locally known as HALO) and 
marble in the hanging wall (Coutts et al, 1999). The DOZ Breccia forms a lenticular zone that can be traced 
continuously across the hanging wall of the eastern half of the DOZ mining block and contains both diorite 
and skarn fragments within a clay-carbonate matrix. Along the footwall, the diorite was intruded by the 
skarns producing local alterations. 

Ground conditions within the EESS system are highly variable. Within zones of good to very good ground 
conditions there are elongated zones of very poor ground conditions characterized by low strength, low core 
recovery and low RQD values. The values of the Uniaxial Compressive Strength (UCS), Rock Quality 
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Designation (RQD), Rock Mass Rating (RMR) classification, together with percentage from each rock type 
are shown in Table 1. 

Table 1 Geotechnical Classification and its Distribution in the DOZ 

Rock Type UCS (MPa) RQD (%) RMR Class Percentage (%) 

DOZ Breccia 22 45 Very poor 10 

Marble-
Sandstone 

53 65 Poor 1 

Forsterite Skarn 127 84 Good 21 

Fors-Mag Skarn 57 67 Fair 16 

Magnetite Skarn 98 71 Good 2 

Diorite 111 80 Good 50 

3 Wet Muck Contributing Factors 
Wet muck is defined as a mixture of fine grained material and water which has the potential to result in a 
sudden outflow from the draw point or other underground excavation. Wet muck spills or flows can occur 
when there is more than 30% material of size less than 50 mm with water content greater than 8.5% (CNI, 
1998). Wet muck rushes are identified as one of the operational risks in block cave mining (Heslop, 2000) 
that could result in loss of life, productivity losses and potential loss of ore. 

 

Figure 3 Buried Remote Loader due to Wet Muck Spill in Panel 12 – October 28th, 2007  

Several factors contribute to the presence of wet muck in the DOZ Mine: 

 Presence of fine material within the cave 

 Presence of water-bearing and transmitting zones within the caving area 

 High rainfall rate in the catchment and recharge area 

 Connection of the caving areas to depleted production areas above the active cave and to the surface 
subsidence zone.  

Fine-grained and clayey material is readily available in the DOZ from the areas within the DOZ Breccia rock 
types. Furthermore, as the draw columns increase beyond 100 meters, the material within the various skarns 
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have also broken down to create additional areas of wet muck potential. Based on the latest block model for 
the DOZ, more than 40 million tones of material have the characteristic to be classified as wet muck material 
(DOZ Breccia and marble rock type as shown in table 1). 

Hydrogeological conditions surrounding the EESS provide several significant water bearing zones and with 
the block cave method employed in the DOZ, these water bearing areas have the potential to connect into the 
mine as the cave intercepts these areas. In general, the water bearing zones around the DOZ could be divided 
as follows (figure 4): 

 Limestone units at the north side. 
 Ertsberg Diorite and its associated structures at south. 
 East Fault Zone at the east side. 
 West Fault Zone at the west side 

 

Figure 4 Water Bearing Zones and Structures Zone within the DOZ Block Cave  

The mining area of PTFI has an annual rainfall of about 5500 mm/year, most of which is drawn down into 
the low permeability caving zones around the DOZ block cave. With the DOZ block cave also being 
connected to the surface through the GBT-IOZ caves, much of this water percolates down to the extraction 
level. Tracer tests have shown that the travel time for water from the surface to the extraction level has 
reduced from 14 days in 2000 to about 4 days in 2005. The increased permeability of the areas surrounding 
the block cave has also resulted in a larger inflow into the DOZ and the draw points close to the water-
bearing structures have shown an increase in moisture content.  

4 Mitigation of Wet Muck Issue 

4.1 Wet Muck Prediction 
Predictions for wet muck occurrences are developed by considering the quantity of fine material (DOZ 
Breccia and Marble) present or anticipated from the production schedulers, the existing ground water 
sources, connection to the surface subsidence and the impact from previous mines above the DOZ level. 

The output and recommendations from these predictions are the number and approximate location of wet 
drawpoints anticipated per year. This data is used to predict the number of remote loaders required, the 
numbers of chutes requiring conversion over to wet muck standards and the eventual impact on mine 
production.  
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4.2 New Wet Muck Procedures 
Experiences in the handling of wet muck in the previous IOZ block cave mine has provided valuable insights 
for the mitigation of the wet muck issues in the DOZ. A set of detailed procedures for wet muck 
classification, monitoring, inspection and handling were developed to ensure safe production in the wet 
muck areas of the mine. 

These procedures provide guidance for handling wet muck in the draw point through a classification system 
for the wet and dry draw points. The classification is used as the basis for restricted access to certain panels 
and the whether or not remote control loaders are required. 

A classification system was developed based on experience in the IOZ mine. The classification is based on 
fragmentation and wetness of the material within the draw point. Based on this classification, if more than 
70% of material is bigger or equal to 50 mm and dry (less than 8.5% water/moisture content) then the draw 
point is classified as class A. When 70% of the material is less than 50 mm and in a dry condition, then the 
draw point is classified as class B. Both of these are classified as “Dry” and can be mucked out using any 
loader. However with the increasing of moisture content, then for the coarse material is categorized as C and 
D (coarse wet and coarse very wet) and for the fine material is categorized as E and F (fine wet and fine very 
wet). For classes C through F the remote control loaders are required (see Table 2). 

Table 2 Wet Muck Classifications (Previous Version) 

 

 

 

 

 

 

 

 

 

  

 

 

After reviewing historical data, behaviour of spill events, visual analysis of spill events, predicted geological 
conditions for the DOZ ground types which will be coarser than the current situation, a new wet muck 
classification system was developed as shown in Table 3. 

This new wet muck classification is based upon wet muck spill events analysis from 2005-2007,  
accommodates medium material size in the draw points and reduces remote loader requirement compared to 
the previous classification system which means increased productivity through less use of remote loaders 
whilst maintaining the same level of safety. 

As of December 2007 the new wet muck classification system has been on trial for five months and has 
shown that this classification system works well and has reduced remote loader application by 26% as shown 
in Figure 5. 
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Table 3 Wet Muck Classifications (New Version) 
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Figure 5 Remote Loader Requirement Using Old and New Wet muck Classification 

4.3 Mucking Strategy 
Mucking dry and wet muck must be done evenly and continuously. The practice we had to maintain the 
number of wet drawpoints was that every wet draw point must be mucked out 6 buckets per shift. As wet 
drawpoints increase in a particular panel so that a loader is not enough to muck it out then sequential 
mucking has been implemented. With sequential mucking, panel is divided into several sectors and the draw 
order is available for only one sector per shift while the other sectors are temporarily closed until the 
following shift. This strategy has been applied since January 2007. It helps to increase mucking compliance 
with no additional wet muck draw points experienced so far.  

As seen in figure 6, it is obvious that compliance is better by implementing sequential mucking and wet draw 
point stayed the same during the observation period. 
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Figure 6 Better Compliance, Same Wet Drawpoint Amount with Sequential Mucking 

Compliance is calculated as below: 

% Compliance = (1 - (Σ abs (order-actual)/Σ order)) x 100% 
Where, 

% Compliance   = degree of the expectation 

Σ absolute (order-actual)  = sum of absolute order to actual 

Σ order    = sum of the order 

An effective draw control is indicated by a good compliance which helps in: 

• minimizing the dilution 

• prolonging the drawpoint life 

• controlling convergence at a safe level 

• controlling water influx and wet muck 

• maximizing ore recovery 

4.4 Equipment Support (Remote Loader & Chute design) 
Remote loaders have been operated since wet muck was encountered in the IOZ Mine in 1999. Remote 
loaders are operated from a control room which currently allows up to 6 loaders to be interchangeably 
operated from a single console. A panel drift must be isolated from unauthorized access prior to the 
operation of a remote loader. Gates are installed and must be locked and an electronic barrier is also put in 
place.  
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Figure 7 Wet Muck Loading Point Chute 

Another concern in handling wet muck is how to prevent spills from the chute located at the bottom of the 
orepass, on the Truck Haulage level. A mixing procedure is applied to mix wet muck with dry muck using a 
1 to 3 ratio in a regular chute. In addition to the mixing procedure, chute modifications are made to replace 
flow-chains with a single solid metal plate.  

4.5 Fully Automated Loader Trial 
As of writing a fully automated loader trial has been undertaken in the DOZ mine. This automation trial is 
aimed to be utilized at wet muck areas and will ultimately replace the remote control units. Compared to a 
remote loader which is limited to only first gear, the automated loaders can be operated in second gear. The 
slower speeds are required for remote loaders as the tele-remote operator cannot react fast enough to prevent 
the loader from hitting the rib during operation. The automated loader systems are able to avoid most rib 
collisions using the onboard steering systems and as a result are able to go faster. The trial result at a long 
panel showed that productivity was increased by 48% due to a better cycle time as well as improved 
operating hours compared to remote loader operation. Another benefit of the automated loader is that the 
automation system acts as a very accurate method of recording buckets from individual drawpoints as part of 
the draw control system. It does not need to rely on operator counts or the existing Dispatch tagging system 
in place in the mine.  

4.6 Comprehensive Dewatering Drilling 
The primary objective of underground mine dewatering program is to dewater the saturated surrounding 
formations to provide a depressurized zone for mining in the DOZ and reduce the risk of generation of wet 
muck. Dedicated underground dewatering drifts have been developed outside the perimeter of the predicted 
ultimate cave zone. Over the last 7 years, with an average 20,000 meters of drilling per year, several major 
aquifers have been intersected and significant depressurization has been achieved.  

Total groundwater discharge from the entire EESS has increased significantly from about 450 L/s in 2003 to 
more than 700 L/s since 2004. The response of the hydrogeologic system to the dewatering is measured at 25 
piezometers installed at the vicinity of EESS. Significant drawdown has been observed in most of the water 
bearing zones surrounding the DOZ Mine. The West Fault Zone (WFZ) drawdown is associated with the 
significant dewatering conducted into this zone as seen in Figure 9. 

The dewatering program over the past few years in DOZ has shown encouraging results. However, there are 
still some areas that require further dewatering or depressurization, like in the south/southwest area where 
water bearing zones exist within the fractured diorite, at the diorite/skarn contact in the northwest side and at 
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the north limestone which characterized by compartmentalized zones of aquifer. Continuation the delineation 
to those water bearing zones is crucial prior to the progress of the cave limits. 

 

Figure 8 Ground Water Discharge and Water Level in Water Bearing Zone – West DOZ 

5 Conclusion 
Anticipating production increases from the original 25,000 to 80,000 tonnes per day, the additional wet draw 
points must be considered as a significant underground challenge from a safety and production point of view. 
Measures are in place to control risk due to wet muck at extraction level and truck haulage level. 

Wet muck contributing factors are presence of fine material within the cave, presence of water bearing and 
transmitting zones within the caving area, high rainfall rate in the catchment and recharge area, and 
connection of the caving areas to the surface. Dedicated underground dewatering drifts and continuous 
dewatering drilling with average 20,000 meters per year have been developed as DOZ dewatering program. 
Several major aquifers have been intersected and significant depressurization has been achieved. The success 
of dewatering program since 2004 has resulted in a reduction of discharge to DOZ working areas. 

Wet muck prediction, new wet muck procedure implementation, mucking strategy, remote loader application 
and chute design, fully automated loader trial, and comprehensive dewatering drilling program have been 
undertaken by the underground division at PT Freeport Indonesia to mitigate the risks associated with wet 
muck, also to improve productivity. 
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Abstract 
Before the extraction of the material with open pit mining, it is necessary to determine the pit limit in order 
to obtain maximum profit and also to locate processing plant and other surface facilities. Many algorithms 
such as Floating cone method, Korobov algorithm, Lerch and Grossmann algorithm, based on graph theory, 
and dynamic programming have been developed to design the optimum open pit outline. Floating cone 
method is the simplest approach for determination of pit limit. However, this method is not always able to 
obtain the optimum pit limit. It has been proved that Lerch and Grossmann algorithm is the only method 
which yields the optimum solution, rigorously. However, disadvantages of this approach are complexity of 
the method and required high computation time to reach a solution. Therefore it is necessary to apply other 
techniques such as Genetic Algorithm to the problem, which has been used successfully for some other 
complex optimization problems. This paper describes the determination of the optimum open pit limit with 
the use of genetic algorithm. For this purpose, two models were developed; in the first model only genetic 
algorithm and in the second model genetic algorithm together with the floating cone method were utilised. A 
few examples were used to evaluate the models and the results were compared with other results obtained by 
floating cone method and Lerch and Grossmann algorithm. Evaluations indicated that the results of 
represented models by genetic algorithm are acceptable and near to the graph theory. 

1 Introduction 
The open pit mining method is normally used to extract orebodies at or near the surface. It is usually a large-
scale method and requires very large expenditure. The ultimate limits of an open pit define its size and shape 
at the end of the mine’s life. In addition to defining total minable reserves and determining total profitability, 
these limits are needed to locate the waste dump, processing plant and other facilities. They are also required 
for the design of overall production schedules within the planned pit shape. There are many ways of 
designing an open pit limit. The optimum open pit design is the most important method that its object is to 
determine the ultimate pit outline for an orebody together with the associated grade and tonnage that 
optimize some specified economic and/or technical criteria whilst satisfying practical operational constraints. 
The most common criteria used in optimization are: maximum net profit, maximum net present value, 
maximum metal content and optimal mine life. Of these the most widely used criterion is maximum net 
profit. 

Apart from elementary methods which are used for some stratiform deposits, most computer algorithms for 
open pit design use block models of the orebody which are either a: Block grade model obtained by 
considering the deposit as a large box, covering the entire orebody, and then subdividing it into smaller 
blocks and assigning estimated grades to each block, or a Revenue block model created by applying costs 
and prices to the grade block model of the deposit. There are many types of block models including 3D 
fixed-block model, 3D variable block model, 2D irregular block model and 3D irregular block model (Kim, 
1978). Among these, the three-dimensional fixed-block model is the most widely used. This model is shown 
in Figure 1 and is obtained by dividing the orebody into three-dimensional blocks of fixed size. Each block is 
identified within the model by its location co-ordinates comprising Easting, Northing and vertical 
(Khalokakaie et al., 2000). 
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Figure 1 Three-dimensional fixed block model (Khalokakaie et al., 2000).  

To design the optimum open pit limit, various methods such as: floating cone method (Carlson et al., 1966), 
dynamic programming (Lerchs and Grossmann, 1965; Koenigsberg, 1982; Wilke and Wright, 1984), Lerch 
& Grossmann graph theory (Lerchs and Grossmann, 1965; Zhao and Kim, 1992) and, etc have been 
developed. Each of these methods has special advantages and disadvantages. Among these methods, floating 
cone method is the simplest and Lerch & Grossmann graph theory is the most complex method. It can be 
mathematically proved that Lerch & Grossmann theory is able to find the true optimum solution but this 
method takes high computational time. Therefore the optimum open pit limit design is a complex problem 
and there are no quick classic techniques to solve it. 

In past a few decades, some evolutionary methods such as genetic algorithms have been used successfully to 
solve complex engineering optimization problems (for example see Jeyapaul et al., 2006; Wu and Lin, 2007; 
Shiau et al., 2007). In this paper the open pit limit problem is modelled and solved by genetic algorithm. For 
this purpose two models are developed. In first model only genetic algorithm and in the second model, 
hybrid of floating method and genetic algorithm is used. The ability of these methods is evaluated in 
comparison with the results of floating cone method and Lerch & Grossmann graph theory. 

2 Genetic Algorithms  

2.1 Overview of Genetic Algorithms 
Genetic algorithms (GAs) are stochastic numerical search procedures inspired by biological evolution, cross-
breeding trial solutions and allowing only the fittest solutions to survive and propagate to successive 
generations. GAs were first developed by Holland in 1962 in Michigan university (Michalewicz, 1996). 
They deal with a population of individual (candidate) solutions, which undergo constant changes by means 
of genetic operations of reproduction, crossover, and mutation. These solutions are ranked according to their 
fitness with respect to the objective function where the fit individuals are more likely to reproduce and 
propagate to the next generation. Based on their fitness values, individuals (parents) are selected for 
reproduction of the next generation by exchanging genetic information to form children (crossover). The 
parents are then removed and replaced in the population by the children to keep a stable population size. The 
result is a new generation with (normally) better fitness. Occasionally, mutation is introduced into the 
population to prevent the convergence to a local optimum and help to generate unexpected directions in the 
solution space. The more GAs iterates, the better their chance to generate an optimal solution. After a 
number of generations, the population is expected to evolve artificially, and the (near) optimal solution will 
be reached. The measure of success is the convergence to a population with identical members. The global 
optimum solution however cannot be guaranteed since the convexity of the objective function cannot be 
proven.  



 

 335

2. 2 Components of Genetic Algorithms 

The procedure of genetic algorithms includes following stages: 

2.2.1 Initialization 

Initially many individual solutions or chromosomes are randomly generated to form an initial population. 
The population size depends on the nature of the problem, but typically contains 50-100 of possible 
solutions. Traditionally, the population is generated randomly, covering the entire range of possible solutions 
(the search space). Occasionally, the solutions may be "seeded" in areas where optimal solutions are likely to 
be found. 

2.2.2 Selection 

During each successive generation, a proportion of the existing population is selected to breed a new 
generation. Individual solutions are selected through a fitness-based process, where fitter solutions (as 
measured by a fitness function) are typically more likely to be selected. Certain selection methods rate the 
fitness of each solution and preferentially select the best solutions. Other methods rate only a random sample 
of the population, as this process may be very time-consuming. 

Most functions are stochastic and designed so that a small proportion of less fit solutions are selected. This 
helps keep the diversity of the population large, preventing premature convergence on poor solutions. 
Popular and well-studied selection methods include roulette wheel selection and tournament selection. 

2.2.3 Reproduction 

The next step is to generate a second generation population of solutions from those selected through genetic 
operators: crossover (also called recombination), and/or mutation. 

For each new solution to be produced, a pair of "parent" solutions is selected for breeding from the pool 
selected previously. By producing a "child" solution using the above methods of crossover and mutation, a 
new solution is created which typically shares many of the characteristics of its "parents". New parents are 
selected for each child, and the process continues until a new population of solutions of appropriate size is 
generated. 

These processes ultimately result in the next generation population of chromosomes that is different from the 
initial generation. Generally the average fitness will have increased by this procedure for the population, 
since only the best organisms from the first generation are selected for breeding, along with a small 
proportion of less fit solutions, for reasons already mentioned above. 

2.2.4 Termination 

This generational process is repeated until a termination condition has been reached. Common terminating 
conditions are:  

• A solution is found that satisfies minimum criteria  

• Fixed number of generations reached  

• Allocated budget (computation time/money) reached  

• The highest ranking solution's fitness is reaching or has reached a plateau such that successive 
iterations no longer produce better results  

• Manual inspection  

• Combinations of the above. 

Figure 2 presents the flowchart of Genetic Algorithms. 
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Figure 2 Flowchart of Genetic Algorithm 

3 Open Pit Limit Design Using GAs 
Some studies are carried out to implement genetic algorithms to solve open pit limit problem. Denby & 
schofield (Denby and Schofield, 1994, 1995b) acclaimed that they solved the open pit limit and production 
scheduling problems using genetic algorithms. They didn’t explain the details of the model and the ability of 
their models were not evaluated. In second case Gordon Tomas has modelled open pit limit design problem 
with the use of genetic algorithm (Gordon, 1996). This model suffers from high search space.  

A typical genetic algorithm requires two items to be defined: a genetic representation of the solution domain 
and a fitness function to evaluate the solution domain. 

3.1 A Genetic modelling of the problem 
According to definition of the problem, the objective of the ultimate pit design problem can be defined as 
finding the set of blocks that should be removed in order to maximize the total profit from the mine, subject 
to the constraints on pit slopes. Optimal pit limit is composed from a set of extraction cones of some positive 
blocks in revenue block model. Extraction cone of a block is a set of blocks on top of the block which must 
be removed to extract the main block. 

In this study, the individual solution is represented as an array with the length of the number of columns in 
vertical direction that have positive block in 3D block model. Each element of array corresponds to a column 
and can save the number of the positive blocks in the corresponding column. 

Fitness function for this problem is the value of the corresponding pit of an individual solution. For each 
element of an individual, corresponding block in block model is indicated and the extraction cone is 
constructed, the combination of the extraction cones indicates the pit limit. The total value of the blocks 
which are located in the identified pit is the fitness of the individual solution. 
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3.2 Initialization 
The size of initial population is considered 50 chromosomes. These are randomly generated. Each element is 
randomly assigned with respect to the corresponding column and number of positive blocks in that column. 

3.3 Selection 
In this model Roulette wheel selection method is used to select some chromosomes to apply genetic 
operators. Therefor solutions are selected based upon stochastic manner and through a fitness-based process, 
where fitter solutions are typically more likely to be selected. As mentioned, each individual solution 
corresponds with a pit limit, so the value of the pit is the fitness of the individual solution. The fitness value 
of some solutions may be negative, to avoid disturbing Roulette wheel selection, it is required to modify the 
fitness values. For this purpose the absolute of minimum value plus one is added to each fitness value to 
eliminate negative fitness value. 

3.4 Reproduction 
To generate a new population of solutions from those selected, genetic operators: crossover and mutation are 
implemented. In this study, likelihoods of crossover and mutation are selected from intervals [0.3, 0.5] and 
[0.05, 0.15] respectively. 

3.5 Termination 
Generational process is repeated until a termination condition has been reached. In this study, if the best 
solution doesn’t change during m iteration, the optimizing process will be terminated. The amount of m is 
depends on the size of block model and optimizer. We use m=500 in our studies.   

To illustrate the details of the model, a 2D block model is considered as an example and is showed in figure 
3. 

 

Figure 3 A 2D Block Model 

As shown in figure 3, five columns of block model (columns 2,3,4,5 and 6) contain positive blocks. Thus the 
individual solution is considered as an array with the length of 5. Each element or gene could save numbers 
appropriate with its corresponding column, for instance forth gene of chromosome corresponds with fifth 
column of block model and forth column of those which consist of positive blocks. This column include 2 
positive blocks, therefore forth gene could save 0, 1 or 2. Zero means that no block is considered from this 
column except blocks which occur in the extraction cone of other positive block of block model. 1 means 
that first positive block of column as well as its extraction cone will be considered, etc. Figure 4 shows five 
random chromosomes of the first population for this example as well as their corresponding pits. 
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Figure 4 Five stochastic chromosomes of first population 

A computer program called GenPit is developed to design optimum pit limit based on described model. This 
program is able to determine pit limit by two methods. In first method only GA is used and in second method 
GA and floating cone method are combined. In the hybrid method first floating cone method is applied to the 
block model and the blocks which locate in its solution are eliminated from block model and then GA is used 
to implement for the rest of the blocks. The results of two methods are combined to obtain the pit limit. The 
hybrid method in comparison with the first method takes low computation time to reach the solutions. 

4 Evaluation of the models 
To evaluate the models, two hypothetical block models are used and the pit limit is designed by four 
methods: the floating cone method, Lerch & Grossmann graph theory, Genetic Algorithm and hybrid of GA 
& Floating cone method and the pit values obtained by these methods are compared with together. 

4.1 Example 1 
A 3D block model with the size of 62020 ××  which contains 2400 blocks is considered. This hypothetical 
block model is constructed such that the ore body has a low variability. The pit limit with the slope of 45 
degree is determined by 4 methods. The results are compared in figure 5. According to figure 5 the result of 
GA is low but near to floating cone method and graph theory results and the hybrid method is equal with 
graph theory, in other hand the hybrid model is able to find the optimal solution. 
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Figure 5 Comparison of the value of pits designed by four methods 
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The values of genetic parameters: probability of crossover ( cp ) and probability of mutation ( mp ) are always 
determined from the intervals [0.3, 0.5] and [0.05, 0.15] respectively by sensitivity analysis. In this example 
best solution of GA with the value of 10835 is obtained for 35.0=cp and 1.0=mp and best solution of hybrid 
method with the value of 11403 is obtained for 3.0=cp  and 05.0=mp . 

4.2 Example 2 
In this example a hypothetical 3D block model with the dimensions of 81820 ××  which contains 2880 
blocks is constructed such that the ore body has a high variability with regard to the previous example. The 
pit limit with the slope of 60 degree is determined by 4 methods. The results are shown in figure 6. 
According to this figure, the results of GA and hybrid method is much better than floating cone method and 
the solution of hybrid method is better than both of its components: floating cone method and GA. 
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Figure 6 Comparison of the value of pits designed by four methods 

As mentioned the values of genetic parameters: crossover and mutation are determined from the intervals 
[0.3, 0.5] and [0.05, 0.15] respectively by sensitivity analysis. For instance the results of this analysis for 
hybrid method are illustrated in figure 7. In this example best solution of GA with the value of 10297 is 
obtained for 32.0=cp and 08.0=mp and best solution of hybrid method with the value of 11303 is obtained 
for 4.0=cp  and 1.0=mp . 

 

Figure 7 Sensitivity analysis of genetic parameters 

In the above examples in which the models have a few numbers of blocks, differences in computation times 
to reach the solution are not so significant for various methods. But it is apparent that in large block models, 
GA can determine optimum pit limit in shorter time than the Lerch and Grossmann algorithm.  
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5 Conclusions 
The conclusions of this paper can be summarized as follows: 

• The represented models: GA and hybrid method can reach the solution in low computation time in 
comparison with graph theory.   

• The results of represented models specially the hybrid method is acceptable and near to graph 
theory. 

•  The results of floating cone method are sensitive to variety of grade of ore body. When the 
variability of ore body is high, its results are much lower than other methods such as graph theory. 

• Always the solution of hybrid method is better than its components: Floating cone method and 
Genetic algorithm. 
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Abstract 
An overall rational methodology for open stope planning process is detailed. The basic input consists of an 
orebody delineation and rock mass characterization stage followed by a selection of the stoping method and 
an estimate of the likely loading conditions from the mining sequences. The process requires two design 
stages. The global design issues are relevant and applicable within entire areas of a mine, such an extension 
of an existing orebody, while detailed design issues are applicable to the extraction of individual stopes. 
Finally, a monitoring and back analysis strategy that allows a documented closure of the mine design loop is 
presented. 

1 Introduction 
Mine planning is an engineering process encompassing all major technical functions undertaken in sublevel 
stoping with the key performance indicators being safety, dilution control, recovery, productivity and cost 
criteria. Mine planning provides the means for a safe, efficient, continuous and economic recovery of ore 
while considering the life of mine issues and their implications for short term planning and design.  

Mine planning prepares and evaluates all future design and operating strategies. Parameters such as of ore 
reserve estimation, overall sequences of extraction, dimensioning of regional pillars and sublevel intervals, 
design of ore haulage systems, backfill and ventilation systems are determined during the process. Although 
it is beyond the scope of this paper to review such topics in detail, the geotechnical aspects of the process 
from orebody delineation to stope extraction are briefly discussed. 

The approach suggested here requires the interaction among geology, mine planning, rock mechanics and 
operating personnel throughout the entire mine planning process (Villaescusa, 1998). The overall rational 
methodology for the underground mine planning process is shown below.  

Table 1 Key stages within the mine planning process of open stopes 

Design Process Stages 
Basic Input: 
     An initial orebody delineation 
     Rockmass characterization 
     Mining method selection 
Control of Ground Behaviour: 
     Block design issues 
     Detailed design issues 
Closure of the Mine Design Loop: 
     Back analysis and documentation 

Six key stages are identified, with the orebody delineation and rock mass characterization stages as the basic 
input. The requirements consist of an early determination of rockmass properties on a block scale, followed 
by a selection of the mining method and an estimate of the likely loading conditions from the mining 
sequences. The process requires a global and a detailed design stage, where global design issues are relevant 
and applicable within entire areas of a mine, such an extension of an existing orebody, while detailed design 
issues are applicable to the extraction of individual stopes (Villaescusa, 2004). Finally, a monitoring and 
back analysis strategy that allows a documented closure of the mine design loop is required. 
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2 Geological and geotechnical characterization 
The orebody delineation and rock mass characterization stages provide the input for the entire mine design 
process (Brown & Rosengren, 2000). In most cases, however, the main role of a mine geology department is 
limited to the definition and delineation of the ore zones within a deposit, the geological interpretation for 
further delineation and exploration strategies and to undertake ore reserve estimations. Consequently, rock 
mass characterization is rarely undertaken as a routine process as significant demands on quick orebody 
delineation by the mine geologist may leave no time for rock mass characterization. Sometimes, a lack of 
proper training and awareness of the relevant geotechnical issues by the mine geologists also contributes to 
deficient data collection approaches. 

The suggested approach is to obtain representative (mine-wide) rock mass properties required during the 
global excavation design and stability analysis stages. In most cases, this information is obtained from 
diamond drill holes (core logging of non-oriented holes) and direct mapping of underground openings. 
Geophysical tools can also used for orebody delineation and rock mass characterization.  

The confidence in the geological information must be sufficient to establish the nature and irregularities of 
the orebody, the nature and location of major controlling geological structures, the general rock mass 
characteristics as well as to carry out an economic evaluation to determine whether a stoping block should be 
mined. This type of information requires that the sampling process extend beyond the orebody boundaries in 
order to determine the likelihood of failure from orebody hangingwalls, footwalls or stope crowns. 

The first step in any rockmass characterization process is a three dimensional definition of the main 
geological discontinuities such as faults, shears, rock type contacts, etc. These structures are identified during 
the orebody delineation process and are likely to play a major role in the overall mechanical behavior of the 
entire deposit. The second step of a rockmass characterization program is to determine the rockmass 
behavior away from the main geological discontinuities by defining what it is called a structural domain for 
design. This can be achieved by core logging and direct mapping of joint set characteristics such as number 
of joint sets, joint orientation, frequency, trace length, etc. (Villaescusa, 1991). 

2 Global design 
Global design issues are related to the design and stability of large sections of a mine, such as a new 
orebody, extensions at depth or at the abutment of an existing deposit. Global design issues are listed in 
Table 2 (Villaescusa, 2004). The issues involved include global orebody delineation, mine access and 
infrastructure, dimensions of sublevel intervals, backfill requirements, equipment and ventilation 
considerations, etc. Stress analysis of the global production schedules are critical to determine the loading 
conditions (stress and displacement) likely to result from a proposed mine-wide stoping sequence. A limited 
number of geotechnical issues are briefly discussed here. 

Table 2 Global (block) design issues 

Exploration drilling requirements for orebody delineation for the designed area  
Area wide rock mass characterization from borehole data and direct access  
Overall mining method selection  
Quantity and grade of ore required with respect to scheduled metal targets  
Access and infrastructure development requirements - ore handling systems, workshops, etc. 
Production scheduling, details and timing 
Induced stresses from scheduled sequences, including extraction directions  
Primary and secondary stope dimensions (including regional access pillars)  
Backfill system requirements 
Equipment requirements 
Ventilation 
Global economic assessment 
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2.1 Block delineation 
The geological analysis on a block scale requires information on orebody delineation, grade, major 
geological structures as well as the major rock types within and around the orebodies. A grade distribution 
and a geotechnical model on a block scale can be constructed from the geological interpretation of the data, 
which is initially collected from widely spaced surface diamond drill holes. The preliminary design of a 
mining block layout is based on confirmatory drilling, with holes drilled at 60-80 metres spacing. Additional 
geological information is required to provide the ore limits and grade information suitable for detailed stope 
design. This information can be collected as underground access becomes available and stope delineation 
drilling at 20-40 metres spacing can be carried out. In addition, geological and geotechnical mapping is then 
carried out from the exposed rock around the block development. 

The geological and geotechnical models are used by the mine planning engineer to develop a geometrical 
model of a stoping block in three dimensions. The major geological structures likely to influence the overall 
block stability are determined and included in the analysis. The resulting three-dimensional model can then 
be used to calculate tonnes and grade for a design block. Following mining method selection and an 
economical analysis for the block, the design of the development, ore and waste handling systems, services, 
ventilation, etc. can be undertaken. 

2.2 Global extraction sequences 
One of the limiting factors affecting the design of an underground excavation is the maximum void space 
that a rockmass can sustain without failure. This failure may take place as a function of either movement 
along planes of weakness, or through a combination of intact rock failures and geological discontinuities. In 
most orebodies suitable to open stoping, the volume that may be safely excavated, such that stope wall 
failures are avoided, is many times smaller than the orebody itself. Consequently, a series of individual 
stopes must be excavated to achieve full orebody extraction. 

One of the most important tools that a design and planning engineer has for controlling the overall behaviour 
of a rockmass is the extraction sequence of the stopes contained within a given area of an orebody. 
Extraction sequences are fundamental to achieve production targets safely and economically throughout a 
stoping life. In most underground mines, a number of sources in various stages of development, production 
and backfilling are being extracted at anyone time. The sources are likely to be scheduled from a number of 
locations and extraction methods. In general a stoping sequence is driven by ore grade requirements, 
operational issues and induced stress considerations (Potvin and Hudyma, 2000). A technically sound 
strategy is to avoid creating blocks of highly stressed rock within an orebody. This can be achieved by 
retreating stopes to an orebody abutment instead of creating pillars located within central orebody areas. In 
general, an overall stope extraction sequence is influenced by the nature of the orebody in question 
(Villaescusa, 2003). 

2.2.1 Numerical modelling 

Induced stresses from a particular extraction sequence can be determined using numerical modelling. 
Depending upon the type of model being used, the input required include an estimate of the stress field (with 
depth) from in-situ stress measurements, the deformational properties of the rock mass, the initial excavation 
geometry and the overall sequence of extraction. Up to now, most of the numerical modelling programs 
model elastic rock behaviour. Consequently the results must be used in conjunction with structural 
information (for example large fault behaviour) in order to interpret the different extraction options. 

Typical outputs from numerical modelling include stresses and displacements, which in turn can be 
compared with empirical failure criterion established for the different domains within an orebody. Any 
predictive models must be calibrated (validated) against field data and observations. In addition, effective 
numerical modelling tools must allow a realistic assessment of mine-wide extraction sequences (Figure 1).  
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Figure 1 Main principal stress distribution in a stoping block using the program MAP3D 

A model pre-processing must be linked to a three-dimensional model of the excavation geometries in order 
to reduce mesh generation times. A link to mine scheduling is required in order to analyze the different 
extraction sequencing options. 

A limitation of linear elastic modelling include the inability to predict movement, fall-off or dilution from 
fault or shear zones. Finite element based non linear models are required to predict a complete failure of the 
rock mass and any resultant stress re-distribution from such failures (Beck et al, 2006). Progressive orebody 
extraction may induce several phases of post-peak behaviour in a rock mass, and small changes to the stress 
field induced by distant stope extraction may cause significant rock mass damage around the stope 
boundaries. 

2.2.2 Regional pillars 

The use of regional pillars is sometimes required to control the overall stability and to provide safe access to 
active stoping areas across an existing orebody. In some cases the pillars are required for permanent access 
throughout the entire life of a stoping block. The use of transverse pillars to control the overall stability of 
massive orebodies, such as the 1100 orebody at Mount Isa Mines is well documented (Alexander and 
Fabyanczyk, 1982). Transverse pillars are an efficient way of controlling overall crown subsidence, while 
ensuring safe access through the orebody (Figure 2). 
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Figure 2 Plan view of the Mount Isa Mines 1100 orebody showing transverse pillar access  

Stress re-distributions from a global stoping sequence may cause damage to transverse or regional pillars. 
This damage may require rehabilitation or loss of access development through the pillar. Extension strain 
cracking (Stacey, 1981) parallel to the direction of the major principal stress orientation may be experienced, 
especially in rock masses exhibiting a high modulus. Consequently, an eventual recovery of transverse 
pillars must be planned carefully, ideally with the initial pillar stope located in the least structured areas. 
Extraction of the initial stope may allow an overall stress reduction within the pillar, as a stress shadow is 
likely to be created for the adjacent transverse pillar stopes. 

Damage to permanent pillars is not entirely determined by stress induced behaviour, as pre-existing 
geological discontinuities can also influence the performance of a pillar. Geotechnical monitoring has linked 
stoping activities and instability in concurrent extraction areas along the strike length of large fault zones 
(Logan et al, 1993). The resulting behavior can be linked to induced stress relief along the structures with 
increased loading and degree of freedom. Large stope blasts can transmit energy along continuous fault 
zones, and fill drainage may introduce water into fault systems. As a result, production and filling strategies 
must minimize stope interaction along common faults that intersect permanent pillars (Logan et al, 1993). 

2.3 Block development 
The purpose of block development is to provide suitable access for stoping and ore handling, fill reticulation, 
ventilation, mine services as well as gaining further and more detailed information about the nature and size 
of the orebody. The two main factors to be considered are: the mode of entry to the underground workings; 
and the related lateral development required to stope the orebodies. The layout of the basic development 
depends upon the orebody characteristics, the nature of the host rock and the stoping method chosen for 
extraction. Properly designed block development is critical to the ongoing success of a stoping operation. 

2.3.1 Vertical shafts 

Vertical shaft is the most common type of access for deep underground orebodies. Shaft sinking and 
equipping is a specialised, complex procedure usually costing millions of dollars. Consequently, it is 
economically justifiable to spend a significant amount of time and money on site selection and 
characterization. The rock mass investigations require geotechnical drilling to assess the presence of major 
geological discontinuities, the hydrological regime, the nature and strength of jointing and the physical 
properties of the rock types intersected. This is likely to indicate any potential stability problems during shaft 
sinking and the subsequent access maintenance. 
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A shaft is sunk to a depth that will ensure many years of production during the life of a mine. Shaft location 
is controlled by the mining method used as well as the rock types present on a particular site. In sublevel 
stoping, the location of the shaft is usually to the footwall of the orebodies, where it is likely to be outside the 
influence of any ground disturbance caused by the stoping operations. In cases where the shaft is located 
within an orebody, a large amount of level development can be carried out within the orebody. However, a 
large amount of ore around the shaft must be left unmined as a shaft pillar (Figure 3). For example, the main 
and supply shaft services of the 1100 orebody at Mount Isa Mines has a shaft pillar that exceeds 200m in 
diameter (Grant and DeKruijff, 2000). 
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Figure 3 Plan view of no mining and restricted mining pillars around the R62 shaft complex in 
Mount Isa Mines 

The design and monitoring of shaft pillars usually include the prediction of strain profiles as a first pass 
design using numerical modelling. This is followed by physical monitoring of rock mass response to mining 
in order to identify displacement on pre-existing geological discontinuities intersecting the shaft. 

2.3.2 Ramp access 

In some cases, major access to stoping blocks is provided by ramps, which are usually located within the 
footwall of the orebodies. Access and trucking ramp systems are generally used, with major trucking ramps 
usually graded and designed with enough radius of curvature to preserve sight distance, manoeuvrability and 
minimise tyre wear. Ideally, ramps are designed anti-clockwise downwards in order to provide optimum 
sight distance to LHD drivers, which must descend bucket first. Ramps must not lead directly into accesses 
to major mining excavations such as workshops, fuelling bays, etc. 

The ramp dimensions are determined by the size of the mining equipment utilized. In particular, the design 
of a ramp intersection with other roadways is important, as they must remain stable. Ramps may undergo 
high stress re-distributions since the stopes are usually retreated towards crosscuts off a ramping system. The 
location and geometry of the ramps must take into account factors such as the orebody geometry, the 
rockmass strength and the stress loading as a result of the overall extraction sequence (Beck and Sandy, 
2003). 

2.3.3 Crown pillars 

In some cases a major crown pillar is left in place to separate open pit and underground excavations within 
the same orebody (Figure 4). Consequently, crown pillar stability is then critical to ensure a safe 
underground extraction. The pillar dimension and stability are a function of a number of parameters. The 
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most important are the width of the orebody, the stress regime, the blasting practices, the rock mass strength 
within the pillar, the overall stope extraction sequence (top down or bottom up), and whether backfill will be 
introduced into the system. 

 

100m
- 600m

- 350m

- 250m

- 150m

Planned delineation drillhole
100m

- 600m

- 350m

- 250m

- 150m

Planned delineation drillhole

Crown pillar under open pit

Open pit extraction

 

Figure 4 Long section view of crown pillar at the Kundana Gold Mine 

The actual crown pillar dimension will depend upon the stress environment. Indications of high stress could 
include obvious signs of mining induced stress fracturing. High stresses may also be induced in low stress 
environment near the surface, due to the geometry of the orebody and the percent extraction below and 
above the pillar. Numerical modelling is required to determine the stress concentration within the pillar. In 
addition, if a crown pillar is situated within a stress shadow environment, consideration must also be given to 
potential unravelling due to loss of clamping across the pillar. A crown pillar maybe recovered early in a 
stoping life by incorporating extraction of portions of the crown pillar above each individual stope 
extraction. 

2.3.4 Sublevel interval 

The selection of a sublevel interval is controlled by a global economic decision that provides the lowest cost 
per ton of ore for the mining method chosen at a particular mining block. Consideration to select a sublevel 
interval is not always controlled by stope wall stability. In most cases, the sublevel interval is based on 
factors such as development cost, the irregularity of the orebody down dip (Figure 5), the available drilling 
equipment and considerations of rock mass damage from explosives. 

 

 

Figure 5 The effects of orebody nature on the chosen sublevel interval 
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Table 3 indicates the recommended range of hole lengths for different drilling technology, in order to 
minimize hole deviation. They represent a starting point and the results should be evaluated against local 
experience.  

Table 3 Suggested blasting patterns for sublevel stoping 

Hole diam (mm) Burden (m) Stand-off distance (m) Drilling technology Hole depth (m) 
51 1.0-1.5 0.4 rods 10-15 
63 1.3-1.8 0.6 rods 10-15 
73 2.0-2.5 0.8 Rods + stabilizers 12-20 
76 2.0-2.5 1.0 Rods + tubes 20-25 
89 2.5-2.8 1.1 Tubes – top hammer 25-35 

102 3.0 1.2 Tubes – top hammer 25-40 
115 3.0-3.5 1.3 In the hole hammer 40-60 
140 3.5-4.0 1.5 In the hole hammer 40-60 

In some cases, the width of the orebody also plays a role while determining the hole diameter, as increased 
blast damage may be expected with blasting large diameter holes in heavily confined narrow orebodies. In 
addition, a sublevel interval can be increased by using a combination of downhole and uphole drilling 
geometries. However, breakthrough holes are usually required in critical areas of a stope boundary, such as 
the cut-off slot or the hangingwall holes, thus limiting the sublevel interval dimension. 

2.3.5 Fill infrastructure 

Mine fill is required to provide large scale ground support as well as localized stability for pillar recovery. 
The key stages of a fill operation for sublevel stoping are material and stope preparation, fill delivery or 
reticulation followed by backfill placement and drainage. Development for fill delivery and reticulation 
issues is usually addressed during a global block design. The options may include fill delivery from a surface 
material station using raise holes or boreholes, trucked to stopes via ramp access or from underground 
sources. Underground fill reticulation is achieved by means of gravity fed or pumping to stoped-out areas. 
Conveyor belts, pipeline distributions, standard or ejection tray trucks can be used. 

Fill reticulation for massive orebodies usually requires long-term development within the crown of an 
orebody (Figure 6) In such cases, crown subsidence may threaten the stability of the development associated 
with a fill system above the orebody. To minimize this, progressive tight filling of stope voids is required as 
the combined effect of unfilled stope crowns can result in regional subsidence. Geological and operational 
factors such as delaying of fill can influence the rate of subsidence. 
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Figure 6 Schematic of fill distribution system at Mount Isa Mines (Bloss, 1996) 

3 Detailed design 
Detailed design is related to the extraction of individual stopes within a global area (Villaescusa 1998, 2004). 
Detailed design is the process of establishing an optimum extraction method for an individual stope, subject 
to a number of variables and constraints. Blasthole geometry, firing sequence, ground support, ventilation 
and economics are some of the key variables considered. The constraints include the orebody boundaries, the 
geological structures, any existing development, and in some cases, any adjacent backfill masses. 

Figure 7 shows a typical process for taking an open stope from conceptual design through to production. The 
detailed design process begins when a geological team undertakes detailed orebody delineation for a 
particular stope extraction. In-fill delineation drilling, mapping, sampling and geological interpretations on a 
stope scale are then completed. The mine planning engineer uses geological sections from a mine design 
package to do a preliminary stope design, while the rock mechanics engineer completes a rock mass 
characterization program, providing guidelines for dilution control, reinforcement and blast sequencing. 

Geological considerations such as the presence of major geological discontinuities often influence the 
blasting sequences. Other factors considered are the stress re-distributions within and around a stope and 
likely to control fall-off behavior on the exposed walls. In addition, the retreat direction of the blasthole rings 
must take into account the stope ventilation network, with a retreat direction into fresh air. A stope design 
note covering many aspects involved in the development and production of a stope has been described in 
detail by Villaescusa (2004). 
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 Drilling and sampling                 Kriging and wireframe

Preliminary design

Final design

Ring design                 Geological wireframe

Survey pickup               Development and ground support      Face mapping, geological mark  up

Production drilling

Blasting, mucking

CMS survey

Filling

-

Reconciliation
 

Figure 7 A typical process for detailed stope design used at Mount Isa Mines. 

Once a final stope design status has been achieved, the blasthole ring design is undertaken by considering the 
production rigs that will be used, the ore limits, the survey pick-up of the access development, the extent and 
sublevels of the stope, as well as the ring burden and toe spacing. The ore limits are usually updated in 
accordance with the completed stope development. A scaled floor plan showing details of the latest survey 
information including any vertical openings and status of surrounding stopes will be provided to assist the 
drillers. Location of hangingwall, footwalls, cut-off detail and location of the main rings are also included 
(Figure 8). A long section that includes a schematic view of the stope cut-off raise, the cut-off, the 
production rings and the trough undercuts, is also completed. This section helps to explain the stope design 
philosophy, and becomes a useful tool during drilling and blasting of the stope. Table 4 list a number of 
issues that should be considered during stope design. 
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Figure 8 Floor plan of a bench stope showing cut-off slot position and main rings  
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Table 4 Detailed stope design checklist 

Location, orientation and strength properties of large scale geological structures 

Size of existing development and suitability for available drilling rig 

Additional development requirements, size, shape and gradient 

Ground support requirements for development and stope walls 

Equipment needs for development including drilling, mucking, charging and ground support 

Water drainage 

Tramming distances and alternate ore and waste passes 

Emergency escape routes during development and production 

Drill drive layout, blasthole design and firing sequence 

Ring firers access to stope 

Drawpoint brow location and ground support requirements 

Ventilation requirements during development and stope production 

Bomb bays for storage of oversized rocks and secondary blasting 

Explosive types for development and production blasting 

Location, size and orientation of pillars 

Overall rock mass (and fill mass) stability of the area prior, during and after stope extraction 

Detailed scheduling of stope development, production blasting and filling 

Cost comparison of alternative designs 

Fill requirements including fill passes, reticulation and delivery to stope 

Continuing stope performance monitoring during extraction 

Undertake stope performance review after stope extraction 

4 Stope reconciliation 
Regular inspections of a producing stope are required, especially after each firing in order to monitor walls, 
crown and drawpoint conditions. Any significant rock noise, fall-off or underbreak should be documented. In 
addition, dilution exceeding more than 10% should be reported, so that the actual stope grade can be adjusted 
accordingly. Geologist should conduct drawpoint investigations to estimate the grade of the ore being 
produced. Secondary blasting of oversized rocks and hung-up drawpoints may be required. In some cases a 
bomb bay may be available for stockpiling oversized rocks and undertaking secondary blasting. 

Broken ore is mucked conventionally when the drawpoints are full, but it is sometimes required to remote 
muck the last ore remaining in the floor of a stope, especially in large flat-bottomed stopes with retreating 
drawpoints. Significant disruptions to mucking productivity can occur when excessive delays are 
experienced during a stope extraction. Stopes left open over long periods of time may be influenced by time-
dependent regional fault behaviour. Stress re-distribution, production blasting and backfill drainage from 
adjacent stopes are likely to influence stope stability over a period of time. Blast damage and the effects of 
water from backfill can be transmitted along common fault structures intersecting a number of stopes. 
Instability may create difficult remote mucking conditions due to large material falling off into the stope. 
These delays (stope production tails) actually extend the stope life, which in turn may contribute to more 
overbreak and more mucking delays. 

The estimated cash per tonne of extraction reserves is calculated using the delineated mining reserve (tonnes 
and grade), the metal prices and the extraction and dilution factors expected. The total cash profit (or loss) is 
determined using a proper ore value model suited to the particular economics of a mine site. The input 
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factors may include tonnes mined, grades and metal prices, mining, milling, smelting, overheads and 
royalties, exchanges rates, etc. 

In periods of excess mining, hoisting and milling capacity the total net cash revenue can be increased by 
mining marginal stopes or marginal ore within stope boundaries. Marginal ore can be included within a stope 
design provided that little or no extra cost (no excessive extra development or additional reinforcement, etc.) 
will be incurred. An individual stope should be extracted if it can return a positive total net cash revenue 
after covering the costs of the remaining work required for extraction. Specific stopes may not make break 
even but may be sufficiently advanced in terms of development, ground support, etc. to warrant a reduction 
in the break even value. 
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Abstract 
There is an increasing interest in faster drifting in the mining industry as the economical outcome of a 
mining venture will improve when the time for mine preparation is shortened. In tunnel construction there 
has always been the ambition to make the completion of an underground project as fast as possible as this 
means better profit in the end. It looks like that the construction industry has some experience that is 
worthwhile to implement in mine drifting. 

Improvement of the drifting speed not just one drastic change in the excavation technique but a number of 
improvements that will result in a far better advance rate of the drifting speed. A long term drifting capacity 
of some 10 m per day is a fully realistic advance rate and this without novelties but just introducing 
technology of today. 

It is only possible to cover a few aspects in this paper as the extent of it is restricted to 10 pages. The aspects 
given below are extracted from a longer paper by the author that is not yet published. 

1 Introduction 
Rapid tunnelling has always been in focus for the underground construction people. The profit from a 
tunnelling job is dominated by how fast the job can be completed. It is often stated that cost for tunnelling 
when split on time and material the relation is 70 / 30. That means that as much as 70% of the cost is time 
related and this is pushing the tunnel contractor to complete his tunnel job as fast as possible. 

For the miner the situation is somewhat different. His ambition has always been to fulfil the production 
targets of ore with as small input of resources as possible. That means that his main objective has been to 
look for a as high utilisation of machinery and labour as possible. 

Now however there is a growing interest in the mining industry to achieve rapid drifting in the mine 
preparations. The mine managements have become aware of the great savings that can be made by rapid 
drifting. This is not surprising as this drifting has much in common with regular tunnelling. 

2 Mine drifting versus civil tunnel excavation 
Atlas Copco being a supplier to both the mining and construction industry has frequently dealt with the 
request for a rapid excavation of tunnels. Many of the achievements in tunnelling can be applied in the mine 
drifting. Tunnelling may be characterised as flexible in the excavation approach, high quality with respect to 
excavation to lines and grades, minimising excessive support, favouring high performance equipment and 
high demands on availability but often low utilisation of the equipment.  

Mining and mine preparation is often performed in one kind of rock which is well known with respect to its 
behaviour upon excavation and its need for rock support. The openings for mine preparations are normally 
5x5 m or somewhat bigger or smaller. Looking at them from a tunnelling perspective the drifts are small.  

The support means are mainly one of a kind to cover even the worst conditions to be encountered in the 
mining area and all of it is installed right at the face. This is one example on excavation approach that will 
slow down the advance rate in drifting. In the table below a number of items have been listed and in each and 
every the construction approach may be useful for the mining industry.  

This paper will deal with these items one by one but only the three (slanted) first listed in the table below due 
to lack of space. 
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Items (parameters) to play with might be 

• The shape and size of the opening  

• The length of the rounds (either ruled by stability or momentum aspects) 

• Support and water handling approach 

• Scaling  

• The number of activities in the excavation cycle  

• Demand on labour and management and set up of pay rules 

• Choice of equipment and building material 

• Safety regulations 

• Communications underground 

But first what advance rates are the mining industry looking for? 

The most obvious answer would be as fast as possible. If we go some 30 years back a rule of a thumb was 
0.5 m / hr if the rock conditions are reasonably good. Working 24 hrs per day 7 days per week with heat seat 
shift change this means 84 meters per week or 360 meters per month. New safety regulations, a growing 
generally relaxed attitude to brakes for coffee and the economists view on having almost a nil storage 
capacity of built in material and costly spare parts to avoid to tie up capital has made it impossible to achieve 
this advance rate today. This although the plant that is employed is capable to give an output that is doubled 
of what it was 30 years ago.  

Let us say that 0.5 meter per hour was a romantic figure applicable at a shallow tunnelling depth with only 
minor rock stress problems. A long term capacity of 10 meters per day or 300 meters/ month is a first 
reasonable approach when working 700 hrs/ month with a heat seat shift change approach. 

A somewhat deeper look into how the various parameters given above can influence on the possibility to 
reach the target of 10 meters per day. First however the relation between instantaneous speed and long term 
speed should be discussed.  

The availability of the equipment employed should with a well organised service crew and no waiting for 
spare parts not be lower than 90% .When customer in the construction industry is buying a full service 
agreement the availability is normally in the range 90 to 95% when dealing with new tunnel drill rigs. For 
other gear the figures are of similar magnitude. For a single heading excavation where the equipment is allo-
cated for a single face the joint effect of availability and disturbances the utilisation of the face is 80 to 85%. 
This is often called long term factor. A long term capacity of 300 m would than mean a short term capacity 
of 350 to 375 m/ month and working 30 days per month this means some 12 to 13 m/ day. This corresponds 
to 3 numbers of 4 m long rounds or 2.5 numbers of 5 m rounds. 

To achieve 2.5 to 3 rounds per day his is not a utopia. The Norwegian contractor Nielsen achieved on 
average more than 100 m per week long term capacity when tunnelling on Spitsbergen, an island located just 
under the North Pole. The working time was 135 hours/ week in the 38 m2 large tunnel. This happened only 
few years ago. In Sauda Norway another 38 m2 large tunnel for hydropower is being excavated and in the 
best week not less than 165 m was excavated at a nominal working time of 136 hours for a week.  

2.1 Shape and size of the underground opening: 
It has long been believed that the smaller the tunnel is the faster the excavation will be. This is not true. 
Shape, support measures, excavation sequence and equipment used are the input parameters when 
establishing the most effective tunnel size with respect to excavation speed. An example from the construc-
tion world will be given. 

A rail road tunnel for single track has just been completed in Helsinki Finland 
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Figure 1a and 1b The Savio tunnel Helsinki Finland with an Atlas Copco Boomer XL4C and 

 Cop 3038 rock drills. The rock material is granite of generally good quality 

The client requested a tunnel 8.8 m high and 6.6 m wide. The total tunnel length was 14 km and tunnelling 
works were split on 5 lots and each lot had its own accesses. Two contractors were given two lots each and a 
third was given one lot. On four of the lots the client was offered a tunnel that was 7.5 m wide instead of the 
requested 6.6 (see figure 1b). The reason for suggesting this alternative design was simply that the tunnelling 
work could be completed earlier and at lower cost. 

The proposal was accepted by the client. In the picture above a four boom Atlas Copco drill rig is standing 
drilling at the modified tunnel face. 

How was it possible to make the excavation faster when going for a wider tunnel? It was simply the loading 
of the blasted muck that could be executed with a far higher capacity. The loader a Cat 980G with side 
dumping bucket completed the mucking of a 5.6 m long round in 3.5 hrs. This side dumping technique could 
not be applied in a 6.6 m wide tunnel. In this case loading niches is a must and the estimated loading time for 
the same length of a round was 6 hrs. The time difference was estimated to 2.5 hrs although the quantity was 
smaller. Certainly there was additional cost for drilling, support and hauling of the muck not less than 20 km 
single way.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Volvo L220 loading with side dumping bucket 

Figure 3 X-section of the Sauda headrace tunnel, designed to allow for a high excavation rate (to 
right) 
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Another example on what a “production adjusted” tunnel x-section design can do to boost the excavation rate 
is the head race tunnel of the Sauda HPP in Norway. This project is presently under construction and in May 
2007 a record on weekly advance (136 hrs) for drill and blast tunnel was achieved by reaching 165 m. Not 
less than 33 rounds of 5 m pull were excavated. The excavation this week was arranged for record setting 
and the rock conditions were good but still some 200 bolts were installed. 

Here the x-section was designed to match loading at face using a side dumping bucket on a Volvo L220 
wheel loader. The design of the tunnel is exhibited in figure 3 below and a similar situation with a side 
dumping arrangement with a Volvo loader at another site is shown in figure 2. 

This example shows what is possible to achieve as a peak performance. Average advance for some 5 300 m 
of single heading excavation of this Sauda tunnel has been 310 m per month where each week holds 106 hrs 
including lunch brakes. This corresponds to some 460 hrs per month or 0.67 m/ total hour. Still at he face 
there was only 3 crew members to which the truck operators has to be added. 

For a daily 22 hours of work at a mine drift face the advance would almost 15 m/day. One conclusion from 
the discussion above is that is no relation between sizes and tunnelling speed. Another is that the shape and 
size of the tunnel have to be optimised to fulfil the purpose as well as the excavation speed of the mine drift. 

It has not been possible to identify any drill and blast tunnelling case, where the x-section is smaller, that has 
achieved a higher advance rate. 

2.2 The length of the rounds: 

 
Figure 4  The tunnelling cycle with the various sequential operations at the tunnel face 

When excavating tunnels by drill and blast there is a number of sequential operations at the tunnel face. Each 
and every one of these operations is characterised by a mobilisation of the gear as well as a demobilisation of 
it. The time allocated for those are practically the same irrespective of the length of the round. 

In this figure there are 8 steps in the cyclic round but normally charging and blasting is considered as one 
operation and that leaves seven steps. This is quite common figure. That means that mobilisations and 
demobilisation at the face has to take place not less than seven times for a single round. The time for these 
mobilisations and demobilisations are in the range of an hour and a half. By extending the round from 4 m to 
5 m some 90 minutes is saved over 20 m of tunnels. Some may consider this difference as of less interest, but 
if we look for a tunnelling speed of 10 meters per day (22 hrs) the loss is 1.5/44 x 100=3.4% or 290 m per 
month instead of 300 m.  

The savings will though be larger as there are activities that time wise are not linearly dependent of the 
length of the round. Such an examples is, when drilling, the moving from one hole to another, connecting up 
the round before blasting, cleaning of the tunnel invert after mucking, scaling of the tunnel face etc. 
Therefore in this paper two cycle time estimates have been made, one for a 14 feet round (drilled 4.0 m) and 
for an 18 feet round (drilled 5.0 m). Both applied on a 6x6 m drift (33 m2). The support measures are 2 bolts 
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per lineal meter 2.4 m long and 5 cm of Shotcrete in the roof. Loading bays are spaced at 100 m. The drilling 
is made with a two boom boomer having one telescopic feed for bolt hole drilling and the loader has a 10 ton 
bucket capacity. 

The excavation concept has been applied on a 1000m reach and for the 5 m rounder the time was 12.2 weeks 
and for the 4 m rounder 13.7 weeks. This means that the capacity of the 5 m rounder is 12% faster. It should 
be added that the number of blast holes is 68 for the longer and 64 for the shorter and the number of 
uncharged holes is 3 and 2 respectively. In poorer ground conditions requiring double amount of bolts and 
triple amount of shotcrete the advance rate will go down. Consequently the difference in capacity between 
the 5 meter and 4 meter rounds will be smaller or 9%. 

There are many experienced tunnellers that are claiming that the length of the round should be established so 
a typical round will be completed in one shift of efficient work. The importance of this is that the crew 
always shall end the shift hand over a clean face for the next shift to start at. This will keep the momentum 
up of the miners. They will know exactly what is expected from them over the shift. What is the value of this 
momentum is hard to say but it is not unlikely that it can be a 10% increase of the advance rate. 

There is another issue that pops up as a consequence of this excavation concept. If for some reason the crew 
lose an hour due to lack of availability of the equipment or a power cut it will be hard for the crew to regain 
this hour within the shift time. The only solution to this is to allow in the shift time an hour plus minus for 
unforeseen obstacles. This means also that when obstacles do not occur the shift time is not fully utilised. 

 

Figure 5  The drift 6 x 6 m which has been used in the estimate 

There are some further aspects on the length of the round and that is the length of the feeds carrying the 
drilling machine. For the 6 m tunnel shown above it is possible to use 14 feet long drill steel giving a little 
more than 4 m long holes as the total length of the feed will be less than 6 m. This makes it possible to drill 
for the boltholes without any rearrangements of the feeds (see regular feed below). For longer rounds at least 
one of the feeds of the Boomer has to be telescopic (see figure below) making it possible to drill for the bolt 
holes as well. Drilling of longer blast holes means also larger deviation of the holes. To compensate for this 
the look out angle may have to be increased and the number blast holes will be little larger. These conditions 
that will affect drilling time, mucking and shotcrete spraying time. 

The use of telescopic feed should not have any notable effect on the drilling time but a feed of this type is 
more costly and complicated and therefore is expected to cause more obstacles than the straight forward 
feed. The effect on time using this boom-type is hard to evaluate in minutes per round as at most of them 
there will be no effect at all, but for every 30 to 60 round an hour or two are lost due to failures arising in this 
type of feed. Certainly the standard of the maintenance has a great influence on the “Time between Failures”. 
The figures 30 to 60 above are only given as an example. 
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A regular feed for a typical mine drifting rig 

 

 

  

 

 

Figure 6 A telescopic feed for a mine drifting rig making it possible to drill holes for rock-bolts 
 even in small drifts 

Certainly it is possible to drill the bolt holes with a separate drill rig or simply use handheld drilling with 
pusher legs. The latter alternative will in many countries be in conflict the safety standard for mining work. 
In both cases it means an additional activity at the tunnel face and an extension of time for the round cycle 
due to mob and demob. 

The conclusion is in general that longer rounds will improve the advance rate of the tunnel face. However 
safety regulations may be a hindrance and length of the round makes it possible to finalise within a shift 
certainly will contribute get a good advance rate of the tunnel face.  

2.3 Support work and handling of water 
A major difference has been found between the civil engineering and the mining approach to rock support. 

In civil engineering tunnelling, an important part of the preparation works is to establish the rock conditions 
along the tunnel route. Considering the size of the opening, the rock and water conditions a plan for 
requested support measures is established. Normally some 4 to 6 so called rock classes are established and 
the length of the round and requested support measures to be installed at and behind the face are defined for 
each rock class. In the best possible way the tunnel-builder tries to prognosticate what are the most likely 
rock classes for the next rounds to be excavated to able to plan the tunnelling activities in an optimal way. 
This approach leads to a variable input of support measures both at the face and behind it. The ambition is to 
put in just as much support that is needed at the face for short term stability and install the remaining support 
well behind the face in order to reduce the time for the activities at the face. The ambition is of course to 
make the face advance as fast as possible. 

In mine drifting the approach is slightly different. Mine drifting is mainly carried out in connection with 
mine preparation. The variation in ground conditions is often less than in a typical civil engineering tunnel 
project. Drifting is running parallel at many faces and the ambition is not to make a face advance as fast as 
possible but to excavate each ton or cubic metre as cheap as possible. In this situation it is cost effective to 
install all the bolts and the shotcrete needed for final support right at the face as this will mean savings of 
mobilisation time. It means also a simplification of the administration as there is no need to return to the 
place of support for supplementary work. It makes life easy for the miners as they know exactly what to do 
as each round is exactly the same as the former ones. The demand on skill of the labour will be less and 
possibly recruiting easier or cheaper.  

This approach will though not boost the advance rate of drifting face. 

Handling of water may differ in civil tunnelling from mine drifting. Why trying to stop water ingress? Water 
at the tunnel-face at least in larger quantities is pain and a hindrance for fast advances of the tunnel / drift 
face especially when going in a decline.  

The mining situation can often be described as activities in a large (hundreds of meters) block of rock where 
water is already drained by pumping from levels well below those of the drifting activity thus creating 
mainly not far from dry conditions in the drifts. Certainly many exceptions from this picture can be found in 
the mining world.  
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Figure 7 A modern large grouting-rig for tunnel excavation with 4 independent pumping and 
 agitating units 

Figure 8  Pre-grouting ahead of the tunnel face by use of holes drilled in funnel shape some 20 to 
 25 m ahead of the tunnel face, the white colour represents the sealed ground (right) 

In civil construction tunnelling where often there are kilometres between the portals the tunnels are 
frequently crossing water-bearing zones where there is need for readiness to cope with major water ingress 
and also to reduce it before entering into these zones. There are two ways of dealing with this either effective 
pumping of larger water flows right at the face or grouting ahead of the face to seal the ground and only 
pumping smaller quantities of water. If disregarding environmental aspects it is an economic issue whether 
one or the other solution should be applied. Long term pumping is normally very costly and the pre-grouting 
technique is today well developed and therefore offers a viable option in many cases. There is a wide range 
of equipment readily available and the tunnel rigs can easily be used for drilling of the pre-grouting holes. In 
the figure 7 above a large grouting rig is exhibited. By using the pre-grouting technique the actual inflow of 
water is brought down to only fractions of the foreseen or estimated (see figure 8 above).  

To summarize the support and water handling aspects it can be said that the civil tunnel construction is 
characterized by a higher degree of flexibility in order to take advantage of the potential of fast tunnelling in 
all the sections of the tunnel where good rock conditions will prevail. Here the final support installations will 
be made well behind the tunnel face and hence not affect the advance rate. Water ingress especially in 
declines is a pain and modern pre-grouting with probing ahead offers a viable alternative to pumping. 

2.4 Scaling 
Scaling is most likely the activity where drifting and tunnelling deviate most when it comes to performance 
of it. It is not too surprising when taking into account how variable the quality of the rock may be.  

Originally all scaling was done manually using a bar and often standing on the muck pile. This is a risky 
method that has caused many accidents and therefore it was often the most experienced guys that were 
selected for this job. This scaling method is still in use but has in many tunnels and mines been replaced by 
mechanical or hydro-mechanical ones. The frequently used scaling methods are listed below. Before 
commenting the individual methods it can be noticed that they differ considerably when it comes to the 
energy with which the scaling will be performed. It is not surprising as the strength of the rock-mass is very 
variable depending on both type of rock but also frequency of discontinuities and degree of weathering. 

Scaling by use of the drill-rig means that the drill-steel is used in the scaling activity. This method is used in 
many places around the world but mainly in the mines. It is easy to use as the equipment is already there at 
the face but it is a misuse of the drill rig and the spare and maintenance cost for the rig might increase 
drastically. The quality of the scaling may also be disputed and so also the capacity. It must be considered a 
lazy man’s tool. 

In hard crystalline rock mechanical scaling using a breaking tooth was the first step to replace the manual 
scaling. It is still frequently used but the hydraulic breaker seems to be the dominating tool. The only 
problem with the hydraulic breaker is that the user tends to overdo the scaling. 
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Table 1 The most frequently used scaling methods 

1 Manual scaling using a bar 

2 Scaling by using the drill rig ( a misuse of the equipment) 

3 Mechanical scaling with hydraulic breaker 

4 Mechanical scaling using a breaking tooth 

5 Ripping with steel bar mounted on loader or excavator 

6 High pressure water flushing 

7 Water-flushing using nozzle of shotcrete spraying unit 
 

 

 

Figure 7 Scaling unit with hydraulic breaker for mine drifts and mid size tunnels 
Figure 8  A scaling unit equipped with hydraulic breaker and capability to elevate operator’s  

 cabin. It is built on an excavator chassis and is primarily meant for larger tunnels 

In tunnelling it is not just the roof and walls that are being scaled but also the tunnel face with the ambition 
to achieve a clean and stable face where rock is not falling out of the face during drilling. A consequence of 
this is that the scaling operation takes a long time. 

The advantage is though that roof and walls in good rock conditions will not yield any falling rock although 
not supported by shotcrete. This means the shotcrete support can be carried out well behind the tunnel face. 
There are many examples from Scandinavia where shotcrete is applied some 50 m behind the face even in 
large tunnels. 

However there is no consensus on how to scale in good and hard rock conditions. Examples can be found in 
mining and construction in Scandinavia and other locations around the world where miners and tunnel-
builders are using far simpler methods of scaling. In the slide (Figure 9) below a steel bar with end studs is 
shown. It is simply attached to a mid size excavator and the stud end is pulled along the rock-wall and 
operates as a ripper. This scaling method is less violent than the hydraulic breaker one. It is difficult assure 
that stable conditions have been achieved and therefore a supplementary manual scaling is needed as check 
up. This method is faster and will give less over-breaks but will most likely require more frequent shotcrete 
support up at the tunnel face. 
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Figure 9 Scaling bar with studs at the ripping end, to be attached to excavators the bucket 
shown  in the picture is simply exchanged to the bar 

Figure 10  Water jet scaling gear on a regular scaling unit with hydraulic breaker (right) 

Many tunnel-builders ignore what is considered proper scaling when excavating in weak rock. Their 
experience is that major over-break will be the consequence of regular scaling. The rock mass has such a low 
strength so that all rock material along the tunnel periphery can be considered as loose and regular scaling 
can go on without finding stable rock until well behind the tunnel boundaries. In this case the builder simply 
prefers to omit the scaling and only flush the surface with water using the shotcrete spraying equipment. 

The next step in this scaling technique as the quality of the rock improves is to increase the pressure of the 
flushing water. This normally requires another set up of equipment than the shotcrete gear. So called water 
jet scaling has been practised for quite some time and it has in many cases given good experience. It is less 
violent than the hydraulic breakers and consequently gives less over-break and the adhesion between 
shotcrete and rock is really improved. Bigger blocks that are a potential falling rock hazard may not be 
brought down by the water jet method. 

In clay bearing poor ground, water-jet scaling may cause more damage than positive effects as the clay may 
loose all of its cohesion capacities and ongoing rock-fall may be the consequence even well after completion 
of the scaling activity. A method not generally tested is to only apply a jet stream of compressed air and thus 
omitting the negative consequences of water. 

What are the conclusions of this simplified analysis of the scaling technology when the objective is to make 
the tunnel face move as fast as possible? It is obvious that as much activity as possible should be carried out 
behind the face and in parallel with the activities at the face. Shotcrete support and possibly also parts of the 
bolting are such activities. When drifting or tunnelling in strong competent rock, scaling by use of hydraulic 
breaker is the most obvious way to do the job and than leave the shotcrete work to be carried out well behind 
the face. In weaker rock-formations requiring shotcrete support right up at the face water-jet scaling is the 
optimal scaling method unless the water starts the disintegration of the rock material. This means that a mine 
hosting variable ground-conditions with respect to quality more than one scaling method should be adopted. 
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3  Summing up 
The discussions held in this paper is by far from complete on what in the tunnel construction technique can 
provide improvement to the mine drifting speed. The obvious ones have been picked as a starter and they are 
drifting geometry and length of the rounds, support work including handling of water and scaling. Already 
here it is it is clear that mine drifting in reasonably good rock can achieve long term advance rates of 10 m 
per day. What is not brought up at all here is how shall a drifting task be organised and how a tunnel crew as 
well as management shall be motivated to go for a construction approach in their drifting work. 

The construction approach does not mean that the statement “Safety first” is abandoned. The construction 
approach is characterised by a higher degree of flexibility. With proper recording on all activities being 
performed as part of the quality assurance work, the safety is generally very well looked after. 

It is important to understand the difference in objective for the miner and the tunnellers.  

For the miner the objective is 

• Fulfil production goals in tons or m3 

• Mine the tons as cheap as possible 

• Ensure a high utilisation of the equipment 

• Meet the safety and environmental regulations 

For the tunnel builder the objective is 

• To make the tunnel face advance as fast as possible 

• Fulfil the requirements in the design 

• Time and cost are strongly related 

• Utilisation of the equipment is a secondary priority 

• To meet the safety and environmental regulations 

High speed drifting in mining has much more in common with the objective for the tunnellers than the 
miners.  
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Abstract 
With deeper and less rich orebodies great effort is put into trying to increase capital development speeds in 
order to improve the economics of the projects. In multi-heading capital development environments quite 
often the mistake is made to work on all available, or at least as many as possible, headings at once, or only 
focus on development speed thinking this will give the best development strategy. In this paper the Theory of 
Constraints is described and how theoretically and practically the bottleneck operation can be determined. 
Discussed is how the Theory of Constrains can help increase capital development in a multi-heading 
environment. Finally the implementation of Theory of Constrains in Boliden Mineral AB is discussed. 

1 Introduction 
With deeper and less rich orebodies great effort is put into trying to increase capital development speeds in 
order to improve the economics of the projects. New mining equipment is developed or the blast cycle is 
altered to try to maximise the speed. Advantages of increased development speed are described in specific 
rapid development papers, but the most important are: 

• Better economics 

• Compact mine 

• Less areas to ventilate (energy saving) 

• Geotechnical advantages  

In this paper these efforts are acknowledged, but not described. This paper discusses in a simple way how the 
Theory of Constraints (TOC) can give insight on maximising capital development efforts in a multi-heading 
capital development environment. 

2 Problem description 
In multi-heading capital development environments quite often the mistake is made to work on all available, 
or at least as many as possible, headings at once, or only focus on development speed thinking this will give 
the best development strategy. However, in this way the working areas are spread out over larger areas and 
will decrease the heading utilization (time actual activities take place inside the heading) since the available 
equipment is spread out over a larger number of possible working places. Wrongly people think in this way 
the equipment utilization is high and thus heading utilization and development speed must be high. If this is 
wrong, how can the best capital development strategy be found? The answer is finding the bottleneck of the 
system and determining the maximum production of the bottleneck operation. The production capacity of the 
bottleneck operation is equal to the maximum production capacity of your total system. This approach is 
called the Theory of Constraints. 

3 Theory of Constraints 
Theory of Constraints (TOC) is Eli Goldratt’s extension of his simple Optimised Management Theory where 
you manage just the bottleneck (described in his novel called “The Goal”(Goldratt, 1992)), to the 
management of all manufacturing constraints. TOC is based on the premise that the rate of revenue 
generation is limited by one constraining process (i.e. a bottleneck). Only by increasing throughput (flow) at 
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the bottleneck process can overall throughput be increased. The key steps in implementing an effective TOC 
approach are (Goldratt, 1999): 

Step zero: Articulate the goal of the organization. Frequently, this is something like, "Make money now and 
in the future."  

1. Identify the constraint (the thing that prevents the organization from obtaining more of the goal) 

2. Decide how to exploit the constraint (make sure the constraint is doing things that the constraint 
uniquely does, and not doing things that it should not do)  

3. Subordinate all other processes to above decision (align all other processes to the decision made 
above)  

4. Elevate the constraint (if required, permanently increase capacity of the constraint; "buy more")  

5. If, as a result of these steps, the constraint has moved, return to Step 1. Don't let inertia become the 
constraint.  

This Process of Ongoing Improvement has been applied to Manufacturing, Project Management, Supply 
Chain / Distribution, Marketing and Sales, and Finance. Here of course TOC will be applied to the 
“manufacturing process” of creating capital development and maximising the number of finished 
development headings will be our goal, not development speed alone. Organisational or other systems 
associated with the development process could also be the bottleneck, as the theory here describes, but in this 
paper it is assumed an operation is the actual bottleneck. 

3.1 Development defined as a manufacturing process 
Many claim mining is unique and can not be compared to any other industry. The author is of the opinion 
mining can be compared to the manufacturing industry. The only difference is that not the product is moving 
from one production station to the other, but that the production stations (mining equipment) are moving to 
the product (heading). Different is also that the product, the heading, is undergoing the same unit process 
several time before the product (a finished heading) is finished. In mining terms: a heading undergoes 
activities such as drilling several times before the total heading is finished. Similar to manufacturing a half 
finished product (a heading that is not finished) is worthless. Half finished headings can be compared to 
Work In Progress (WIP) in manufacturing and only have book value, but do nothing for the overall goal of 
the business to make money. 

In the business management TOC, throughput is the rate at which a system produces money, in contrast to 
output, which may be sold or stored in a warehouse. The signal provided by throughput is received (or not) at 
the point of sale -- exactly the right time. Output that becomes part of the inventory in a warehouse may 
mislead investors or others about the organization's condition by inflating the apparent value of its assets. 
TOC and throughput accounting explicitly avoid that trap. 

In mining the above can be related to finished headings (throughput) and (un-)finished headings that are not 
needed at the time (inventory). 

4 Determining the bottleneck 
In a single line production system, comparable to a single heading operation, there will be one operation that 
is the bottleneck. If there are no circumstances to the contrary the bottleneck should be the operation with the 
longest processing time. The longest processing time also means the least capacity. To increase production 
the time spent at the bottleneck should be reduced, increasing the capacity. In a single line production system 
this actually means the total cycle time is being reduced. Saving X% time at the bottleneck could give an X% 
of production increase in a well organised production system. 

In a multi-heading environment there will also be a single unit operation that will be the bottleneck. 
Theoretical this will be the unit operation with the least capacity, not the unit operation that takes the longest 
in an individual round. Since the unit operations perform different tasks capacity is here defined as the 
number of rounds per day a unit operation can work on. For example if drilling takes four hours and there are 
two drillrigs the capacity is six rounds per drillrig or twelve rounds per day in total. The unit operation with 
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the lowest total capacity will be the theoretical bottleneck. The total capacity in rounds per period can be 
calculated by: 

equipmentbottleneckofpieces
activitybottleneckfortime

periodcapacityTotal =  

Of course this approach is limited as it works with averages and not all headings have the same size or 
geotechnical characteristics. Some unit operations, like mechanical scaling, might have a big standard 
deviation on activity length dependent on geological circumstances and/or other quality issues dependent on 
preceding unit operations. Organisational factors can also limit the capacity. For example a certain unit 
operation only has operators certain times of the day. 

Theoretically the amount of headings can also be the bottleneck when all unit activities have a greater 
capacity than the available number of headings. Here the assumption is made that there are enough headings 
available so that the number of headings will not be the bottleneck. Actually, the ‘right’ amount of active 
headings needs to be determined. 

Of course if the bottleneck activity has a capacity of say 70 activities per week it does not mean a heading 
can progress with 70 rounds a week. After all, the round cycle consists of more then one activity per round. 
Hence, the total cycle time is needed in order to determine the amount of headings needed. 

The correct sequence of events is to  

• determine the limiting factor (bottleneck) 

o find out the time spent on the bottleneck activity 

o find out the capacity. This capacity will be the maximum capacity your system can produce 

• determine the total cycle time of a round 

• cycle time/ activity length of bottleneck operation gives the amount of headings one bottleneck 
resource needs to be constantly utilized 

• multiply the answer obtained in the point above with the number of bottleneck equipment to 
calculate the theoretical minimum amount of headings to fully utilise all bottleneck equipment. 

equipmentbottleckofpieces
lengthactivitybottleneck

timecycleheadingsofamoutMinimum ×=  

Minimum is maybe the wrong word here as it is also the maximum throughput the bottleneck can handle. 
However, because of flexibility, most would opt to have a certain number of extra headings. If this is the 
right tactic can be debated as it is more likely to not live up to the theoretical maximum capacity of the 
bottleneck due to unplanned disturbances. 

4.1 Determination using lead times 
In reality it might not be that easy to determine the real bottleneck with the theory described above. More 
often than not the bottleneck is not merely a capacity problem, but a combination of capacity and 
organisational limitations. An easy way to determine the bottleneck is to track the lead times of unit 
operations. Lead time is defined as the time between when the preceding activity finished to the time the 
activity under investigation is finished. In other words it is the waiting time for the activity plus the activity 
time itself. The activity with the highest sum of lead times in a period is the bottleneck. If this is not the 
activity with the lowest theoretical capacity it means there is some organisational disturbance limiting the 
capacity. The next section describes how to deal with this problem. 
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5 Bottleneck utilization 
Now that the bottleneck operation is found and the amount of headings is determined it does not mean the 
production system is maximised and headings are finished in the shortest possible time. In the contrary, the 
only thing that is known is the bottleneck activity. Now it is important to increase the utilization of the 
bottleneck activity to ensure development speeds come as close as possible to the theoretical maximum. All 
activities of the bottleneck resource that are not performed on bottleneck activities are defined as waste in the 
theory of Lean Manufacturing (Womack and Jones, 2003). The theory of Lean Manufacturing defines 7 
types of waste: 

• Overproduction (production ahead of demand)  

• Transportation (moving products that is not actually required to perform the processing)  

• Waiting (waiting for the next production step)  

• Inventory (all components, work-in-progress and finished product not being processed)  

• Motion (people or equipment moving or walking more than is required to perform the processing)  

• Over Processing (due to poor tool or product design creating activity)  

• Defects (the effort involved in inspecting for and fixing defects) 

Not all of them are as applicable here. For example in this paper the assumption is made that the demand for 
finished headings is unlimited, but with some thought it could be understood there is no reason to deliver 
finished headings if there is no demand for it. Overproduction, or too many finished and unused heading, 
will only lead to extra costs and not to revenue. Undoubtedly, these headings will be needed in the future, but 
here the assumption is made the planning is using theories like Just In Time (JIT) to produce realistic and 
optimised development schedules.  

All the types of waste mentioned above just try to tell that equipment that works on the bottleneck activity 
should work on the bottleneck activity alone and nothing else. Of course a preventive maintenance scheme 
should increase equipment availability and improve quality of the work. 

Examples of waste in a mining environment 

• Work on non bottleneck operations 

• Idle time, waiting for material / work places / repairs / operators 

• Work on headings outside of the plan 

• Etc …. 

Ways to eliminate waste 

• Overlap of operators (no idle time for lunch break) 

• Priority in the workshop (minimised time for maintenance) 

• Always work available (headings should be in different stages of the round cycle so there are always 
headings waiting for the bottleneck resource) 

• Etc … 

By eliminating waste the capacity and throughput of the bottleneck activity increases and thus the overall 
development speed. This should lead to more finished headings in a shorter time period if the amount of 
active headings is kept under control. 
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6 Changing bottleneck 
By focussing on bottleneck utilization, eliminating waste, changed production process, or by a different 
organisation the bottleneck might actually change to another operation. This is not uncommon and should 
not get people down. It just means the focus will have to shift to another operation. The implementation of 
the TOC is not a single project that has a start and end date. It is more a continuous improvement project that 
needs to be worked with continuously. In many organisations this will require some cultural changes as 
described in one of the following sections. 

7 First In First Out 
First In First Out (FIFO) is self explanatory and means that headings are being served by equipment in order 
they entered the queue. This principal is acceptable for everybody when they are standing in line in a store, 
underground however most mines (if not all) work with priority headings (i.e. priority queues). The result of 
this can be devastating if the bottleneck activity is not the first activity in the blast cycle.  

Assume there is a surplus of headings. From the theoretical maximum amount of headings based on the TOC 
most will choose to have a (small) safety margin and add several active headings. When keeping strictly to 
this amount of headings and the FIFO out principal all headings will have the same development speed. By 
adding extra headings the development speed per heading will decrease. However, when prioritizing 
headings there will be headings that will develop at maximum speed depending on bottleneck throughput and 
headings that will stand still because of the limited capacity available from the bottleneck operation. If now 
the bottleneck is not the first activity in the blast cycle many tend to open extra headings as it is not ‘right’ to 
have equipment standing still. The effect will be more headings for the already overloaded bottleneck 
activity resulting in a development speed that is not optimal or many headings standing still. Quite often is 
then decided to work on the headings waiting for the bottleneck anyway, decreasing development speed in 
the other active headings. This tactic becomes a vicious circle where more and more headings are being 
started just to have machinery active thinking this will increase overall development speeds. 

If communicated right a set number of headings and a FIFO out approach will be the safest and best option 
when the right amount of active headings is chosen. 

8 Cultural change 
The process of determining the bottleneck, how tricky it may be, is as important as making people 
understand and convince them on the TOC. To do this there are 5 thinking processes defined in the TOC 
(Goldratt, 1999). The thinking processes are a set of tools to help managers walk through the steps of 
initiating and implementing a project. When used in a logical flow, the Thinking Tools help walk through a 
buy-in process: 

1. Gain agreement on the problem  

2. Gain agreement on the direction for a solution  

3. Gain agreement that the solution solves the problem  

4. Agree to overcome any potential negative ramifications  

5. Agree to overcome any obstacles to implementation  

TOC practitioners sometimes refer to these in the negative as working through layers of resistance to a 
change. These layers of change have to be overcome for the TOC to become successful. If not, the 
organisation becomes the bottleneck! The steps described above do not apply only to the implementation of 
TOC, but to any change proposed in the (production) system. The above means it is not a single persons 
responsibility to work with TOC, but it is a philosophy that requires support in all layers including 
management. 
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9 Theory of Constraint in Boliden Mineral 
Boliden Mineral has been working with the TOC as far back as 1998. In a lot of Boliden mines time and 
flow studies were conducted showing that heading utilization was under 30% and that production was 
limited by bottlenecks mainly in the reinforcement. Fixed costs are relative high and the conclusion was that 
if the throughput of the bottleneck was maximized this would have an immediate effect on production / 
development speed and costs (Haugen and Steen, 2004). 

In 2001 an active dispatch system was implemented in the Garpenberg North mine. The idea behind the 
active dispatch is to go from a problem steered production process (re-active) to a planned production 
process (pro-active) by scheduling all activities and minimizing the non-utilization times for both headings 
and equipment. A two week tests in 2003 showed an increase in heading utilization from 24 to 28 percent 
and a blast cycle decrease of 20 percent above the increases already established by having the active dispatch 
in place.  

Similar results where obtained from a two week test with an active dispatch in Boliden's Renström Mine in 
the fall of 2006. The first week of the test immediately had the highest number of rounds of the year.  

Determining the bottleneck in Boliden is done by conducting time and flow studies. The lead times are 
plotted and the activity with the longest lead times is the bottleneck. However, care must be given also to 
organisational influences. The Renström tests showed the bolting step using a Boltec was the bottleneck, but 
because of organisational procedures shotcreting had full potential to be the actual bottleneck. Shotcrete 
could only be supplied on certain times of the day and in set quantities. The shotcrete was delivered by an 
outside contractor and had to be ordered a day ahead. All this meant that the shotcreting step had to be 
planned very carefully although the shotcreting itself did not take that long. 

To operate the Active Dispatch in Garpenberg an in-house developed software was developed that keeps 
track of all activities and heading status in the mine. A weekly plan based on a 3-month rolling plan is put 
into the software and activities and equipment are paired together and at the start of every shift operators will 
get their work orders. Because of the lack of a better communication medium, operators radio in at the start 
and end of each activity and for disturbances. This enables the dispatch operator to always have an up to date 
view of the mine and can reschedule when necessary. 

All data put into the system enters an Oracle database. From here Key Performance Indicators (KPI) and 
other reports can be created. Boliden uses Crystal Reports for standard reporting. Examples of reports being 
used are a ‘dashboard’ that tracks the lead times of the activities and utilizations hours of the main equipment 
over a rolling 7-day period. Other reports are more standard and report things like tonne produced or blasts 
taken in certain periods. The KPIs and reports help to focus on continuous improvement projects and take 
away biased opinions of operators and foreman. After all it is the data the operators have reported in 
themselves that is being used to generate statistics and reports from. 

Still today it is a continuous battle to convince people on TOC, because of new people entering the company 
or people having a hard time changing old habits. Most people say they understand the principles, but when 
it comes to their own work quickly ‘forget’. It really shows the implementation needs top-down support and 
constant focus. It becomes especially tricky when development and production share certain resources or if 
the bottleneck activity is contracted out. The contractor is of course optimising its own process unless this is 
somehow dealt with in his contract. 

All in all Boliden is on the right track with implementing the TOC. All the tools are in place and most if not 
all people have heard of the theory. The step that still need to be taken after all this years is to make it a 
standard way of thinking without questioning the theory, but question every day where the improvements lie 
(eliminating waste). 
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10 Conclusion 
The Theory of Constraints is a simple technique applicable to the optimisation of multi-heading capital 
development that can make a big difference. Some key learning from this article: 

• The goal is to maximise the number of finished headings in the shortest possible time, not the overall 
capital development speed. 

• The amount of active headings and the throughput of the bottleneck unit operation go hand in hand. 

• Theory of Constraints can be used to maximise the goal of obtaining the maximum number of 
finished headings in the shortest possible time. 

• Theory of Constraints is best used in combination with First In First Out principles to avoid 
increasing the amount of active headings and spreading out the bottleneck resources. 

• Implementation of the Theory of Constraints will require cultural changes and a continuous 
improvement program to become successful. 
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Abstract 
Performance needs to be measured in order to manage the business goals. Performance measurement (PM) 
has caught the imagination of almost all industries in the last decade. A number of PM frameworks are in 
use by different industries. Due to global competition and high dynamic market demand, the pressure on the 
process industries like; the mining industries, is too high. In order to manage and meet the challenging 
market demands of high productivity, mining industries are trying to apply the concept of PM and 
performance measures. Before applying performance measures for PM, the production process need to be 
organized and the management needs to be fully committed for PM implementation. PM measures can be 
divided into hard and soft measures, which are necessary to monitor, control and measure the productivity. 
Hard measures like the technical, productivity and financial measures can be well defined and relatively 
easy to control, where as soft parameters pertaining to human factors like; competence, motivation and 
organizational climate are critical and hard to measure. In this paper, the authors have discussed the 
concept of performance measurement and measures for achieving desired productivity. Based on their 
experience of a related project, the authors have discussed the performance measures for LKAB 
underground mining industry. 

Key words: Performance measures, hard parameters, soft parameters, productivity 

1 Introduction 
Today operation and maintenance is an important focus area as it ensures performance of the asset 
production system to meet the business targets. The engineers and operating managers are aware that a well 
managed production and maintenance process will ensure that the right quality of a product is delivered to 
the customers at the right quantity and in right time. In the past it was assumed that only process control can 
ensure the quality of the product, but recent studies has clearly shown that the impact of hard parameters 
like; production and maintenance, complemented with soft parameters like; motivation, competence etc. on 
the quality and quantity of the product is hard to ignore. Therefore, it becomes essential to understand the 
impact of hard and soft parameters on the total business performance by the corporate and operating 
managers to optimise the return on investments (ROI) and also the return on net asset, while meeting the 
business targets. The hard parameters can be well defined and relatively easy to control; where as soft 
parameters pertaining to human factors are critical and hard to measure. Hence, the soft parameters of the 
operation and maintenance need to be identified and integrated into the maintenance performance system for 
development and implementation besides the hard parameters. When improving from an already high 
capacity level, it is important to study the soft parameters in order to be able to improve further. 

PM is used to "effect positive change in organisational culture, systems and processes" (Procurement 
Executives’ Association, 1999), and facilitates enhancement of decision making and accountability. There 
are general agreements with this statement, however it was admitted that PM is more about getting things 
done, rather than effecting positive change. A performance indicator is used for measuring the performance 
of a system or process. It compares the actual conditions with a specific set of reference conditions 
(requirements) by measuring the distance between the current situation to the desired situation (target), so 
called “distance to target” assessment (EEA, 1999). 
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Operation and maintenance productivity aims at minimizing the operation and maintenance cost dealing with 
the measurement of overall maintenance results or performance, like; availability, mean time between failure 
(MTBF), failure frequency, mean time to repair (MTTR) and production rate index. Operation and 
maintenance productivity indicators measures the use of resources, like; labor, materials, contractors, tools 
and equipment, for operation and maintenance. These components also form various cost indicators, such as; 
maintenance cost, material usage and also man power utilization and efficiency. Control of operation and 
maintenance productivity ensures that the budgeted levels of maintenance efforts are being sustained and that 
required plant output is achieved (Kelly, 1997). Maintenance productivity deals with both maintenance 
effectiveness and the efficiency of the maintenance organization. 

Maintenance is multi-disciplinary in nature with various players’ involvement in problem solving. For the 
mining process industry, machine downtime at the operational level is one of the main issues for operation 
and maintenance productivity. For a mining process industry, the input raw material issues as well as the 
variation in quality of the raw material are important since it affects the information of the quantity and 
quality of the products. This leads to reordering or recycling of the process to overcome the shortage of the 
required products, which also necessacitates a safety stock level. An overview of asset productivity 
enhancement is given in Figure 1. Once the asset is installed and ready for operation with the logistic 
support, activities like; maintenance, condition monitoring and performance measurement are undertaken 
simultaneously in an integrated manner to achieve improved productivity. Performance measurement 
monitors and controls the performance of the asset with the help of pre-defined performance indicators. 
Based on the information received from the performance measurement and the maintenance and health 
monitoring, analysis and reviews are carried out to confirm if the desired objectives are met or if any other 
modifications or decisions are to be made. The productivity improvement loop of asset management is 
undertaken till the desired level of productivity is achieved. 
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Operation
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Figure 1 Asset productivity improvement – an overview (Adapted from Parida, 2007) 

An organization’s performance needs to be measured through PM, which plays an important role in the asset 
management. Measurement is a method to know where an organization is now, to help it plan where it wants 
to go and tell when it has arrived there. Measurement also provides the basis for an organization, with the 
goal of improving organizational performance, to assess how well it is progressing towards its predetermined 
objectives, to help it to identify areas of strengths and weaknesses and also to decide future initiatives, 
(Amartunga and Baldry, 2002). A performance measure can be defined as a metric used to quantify the 
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efficiency and/or effectiveness of action (Nelly et al, 2005). PM is defined differently for different 
organizations, as each organization is unique in its structure, process and work culture. It also means 
different things to different stakeholders of the same organization. Performances in an organization are 
measured and examined from different perspectives, such as; financial, customer, process, employee, health, 
safety and environment (HSE), learning growth and innovation (Parida and Chattopadhyay, 2007). These 
performances are measured through performance indicators like; to find ways to reduce down time, costs and 
waste, operate more efficiently and to get more capacity at the operational level. The indicators at the 
operational or shop floor level, when aggregated to the managerial or to a higher level, are called key 
performance indicators. Thus, a key performance indicator can indicate the performance of a key result area 
of the organization and supports the management in decision making.  

The key issues in managing PM are about the use of performance indicators that are found to be the most 
commonly used in all types of organizations. One of the main issues is subjectivity versus objectivity. Key 
performance indicators are still mainly subjective, and these question about the level at which the objectivity 
can be achieved. The subjectivity is one of the main weaknesses of using key performance indicators and 
some authors have suggested methodologies for using both objective and subjective data sets to overcome 
this issue (Procurement Executives’ Association, 1999). There is a need to distinguish between key 
performance indicators and operational indicators. The former are critical success measures which help an 
organization to define and measure its progress towards achieving the organizational goals. The latter are 
measures related to the day to day operational facilities management activities. It is desired that the key 
performance indicators and the operational indicators are defined and specified for an organization so that 
every employee understands it in the similar way. The key performance indicators are derived from the 
organization’s business strategies and should also include both leading indicators (which tell us how an 
organization is currently performing and predicts the likely future performance) and lagging indicators 
(which tells us how an organization has performed in the past).  

2 Issues pertaining to the PM system for an underground mine (technical 
system) 

The underground mining process and its technical system discussed in this paper are based on the experience 
of the authors while working on a related project at the LKAB underground mine. 

In the underground mining process the ore is excavated and loaded on to one out of several load hauling 
dumpers (LHDs). Thereafter the ore is transported to one out of ten vertical shaft-groups that are placed 
along the ore body and then dumped into the shaft. The trucks take about 20 plus ton/bucket and there are a 
number of trucks employed. The ore falls, by gravity, down the shaft into a pocket at the underground track 
level. After that, the ore goes through the chute and fills each wagon of the train. There are a number of 
trains working at the same time and each train has 20 plus wagons. In order to make the production target 
each train should, in average, take the optimized capacity of ore. 

The ore is transported by the train to one out of several unloading stations. When passing through the 
unloading station, the bottom of the train opens and the ore falls down into a buffer pocket. From the buffer, 
the ore goes into a crusher (there are one crusher below each unloading station). After the ore has passed 
through the crusher, it comes to a small buffer. There ore goes further through a distribution level, where it is 
directed to one of the series hoisters that takes the ore up to a certain level in the mine. After that, the ore is 
distributed into one out of several buffers and further up towards the sorting plant via a second series of 
hoisters. Figure 2, shows the flow chart from loading to sorting plant. 
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Figure 2 Flowchart from loading to sorting plant 

For a process industry, machine downtime in the shop floor is one of the main issues related to a high 
productivity. All maintenance personnel and managers face new problems with each breakdown or 
downtime of the plant or system. The situation with maintenance activities are unlike operational activities, 
mostly different in nature and require multi-skilled personnel in order to solve the conflicting multi-objective 
issues. For a process or manufacturing industry, from technical and human factors, the product availability 
parameters are visualized in Figure 3. The product availability is dependant on the stock, the production rate, 
the available time and the quality rate. The relations between the different parts and their dependences on 
other parts (not included in Figure 3), are as follows: 

• The buffers within the mining process are optimized to fit the changes in supply and demand of ore 
between the different subsystems. 

• The safety stock (final product) is maintained to meet the fluctuation of the market demand. 

• The production rate is related to the plant or production capacity. If the maintenance effectiveness 
and efficiency is good the production rate will be invariably good.  

• The time availability is dependent on the repair or waiting time i.e. on the maintenance effectiveness.  

• The quality of the product is related to the number of stops, due to which quality losses will occur 
during the stop and start of the plant/system. The quality is also related to the operator’s skill level 
and to the quality of the raw material etc.  

• The four parameters in the product availability are dependent on maintenance directly or indirectly.  

The objective of the management of any process industry is to optimize the level of the buffers within the 
system, and also to increase the availability time, the production rate and the quality rate. The overall 
equipment effectiveness (OEE) figure is given by multiplication of the parameters; availability, production 
rate and quality rate. OEE is one of the most important and effective key performance indicators in 
performance measurement. Asset health monitoring and performance measurement can be used for 
measuring these parameters. 

 
Figure 3 Product availability parameters, adapted from Parida, 2007 
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2.1 Performance measurement system 
A performance measurement system contains of several parts and depends on various factors. In this case the 
focus lies on the operator’s maintenance, inspections, improvement work, failure analyses, follow-up of the 
daily production and analyses of data. Operator’s maintenance together with the shop floor maintenance is an 
important parts of the performance measurement system of the underground mine. It is important that the 
operator’s maintenance as well as the inspection rounds is clearly defined and that the areas of 
responsibilities are clarified and divided amongst the workers. The follow-up of these tasks are important as 
they contribute to further improvements, which are necessary in order to achieve maximum production 
capacity.  

There exist different kinds of improvement work in a process industry. In this case there is a forum, 
connected to a reward/award system, where the personnel can give suggestions for improvements. There also 
exist one type of improvement group that for example analyses data and points out areas to improve. The 
improvement groups in this case mostly contain of a few specific work categories. Other participants vary 
depending on the subject and area of the group’s discussion. It is important to visualize the result of the 
improvement work, so it can be followed-up. In order to reach a state of continuous improvements, it is 
important to work homogeneously within the improvement groups. It is essential to have a well functioning 
reward/award system, so the workers are motivated to give suggestions for improvements. 

Undertaking failure analysis for reliability and risk assessment helps the managers to take good decisions, 
when it comes to whether an item should be maintained or repaired/replaced. It is also important to do failure 
analyses in order to take prevention of future failures. A risk based approach can be chosen in order to 
systematically find the need of maintenance for different machines and equipment. In this case the machines 
and equipment are classified into different categories that state how to handle the process of finding out the 
need for maintenance. To evaluate what category each machine/equipment belongs to, a risk based matrix 
(where all identified risks are stated) is used. The maintenance plan is then based on the consequences that 
different failures cause and how likely it is that these failures will occur. 

There exist several computer systems that contain a lot of useful data to be analysed. The daily production 
data are analysed, reported and followed-up regularly. Other data that are being analysed are for example 
failure data, work order data, number of stops and stop time etc. 

3 Hard parameters 
More and more non-financial measures are used within companies in the post balanced scorecard era 
(Kaplan and Norton, 1992). These measures are categorized as hard and soft parameters. Many authors have 
tried to interpret these terms differently, but for our purpose of discussion, definitions consistent with 
problem solving methodologies will be applied. The hard parameters, which include measures like; lead 
time, timely delivery, availability and production rate etc, can easily be quantified and can have objective 
input. Hard parameters are quantifiable and hence are measurable can therefore be monitored and controlled 
to quite an extent. 

The maintenance policy and the safety performance of the plant play a significant role in achieving the 
operational effectiveness of the plant. The management has to depend on the predicted plant capacity and its 
effectiveness and efficiency for meeting the delivery schedules, the quality and the quantity. An appropriate 
maintenance and safety strategy are required to be adapted for achieving the optimal production quantities. 
The hard parameters are usually measured in all kind of industries for their productivity measurement. Some 
of the hard parameters that are being measured in the underground mine for maintenance productivity are: 

• Timely delivery (delivery schedule) 

• Lead time (buffer stock) 

• A (availability) is the time in % that the asset is available for production 

• P (production rate) is a measure of actual production rate with the designed production rate (in %) 

• U (utilization) is the time in % of calendar time that the asset is being used for production 
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• Mean time to failure (MTTF) is the average time of operations between failures/number of failures 

• Mean time to repair (MTTR) is the sum of all repair times divided by the number of breakdowns 

• Maintenance breakdown severity (a classification can be made depending on the maintenance 
severity) 

All these measures of operation and maintenance productivity needs to be organized specifically for the 
organization and defined accordingly. This is required in order to achieve a uniformity and transparency in 
understanding amongst all the different groups of employees and stakeholders of the organization, so that 
every one speaks the same language.  

Besides the hard parameters, the soft parameters pertaining to human factors like; skill level, motivation and 
working environment are essential to be considered for productivity improvement. 

3.1 How to measure the hard parameters  
For an effective and efficient measuring system of the hard parameters, the required hard parameters as per 
the organizational business need are to be identified and developed. The identified hard parameters are 
needed to be defined and specified with responsibility and accountability. They need to be implemented for 
continuous monitoring and controlling so appropriate decisions in asset management can be taken. Various 
data for the hard parameters are required to be collected and recorded and a suitable computerised 
information system is usually used for this purpose. Several of the hard parameters are, from a practical point 
of view, measured through an online system. The online system can for example measure if a system is 
available or not.  

In the case of LKAB, they have an established system of operation and maintenance which is supported by a 
maintenance handbook and maintenance manual. The required hard parameters have been identified, 
developed and included in these documents. The system is being reviewed and audited for further 
improvements with the support of the different improvement groups and external support of consultants and 
university. A new computerised system is under use for overcoming some of the earlier difficulties. It is 
presumed that monitoring and controlling of the hard parameters will provide the required support to the 
management in achieving the business objectives. 

4 Soft parameters 
Soft parameters are largely related to behavioural aspects of the personnel. They are difficult to measure 
quantitatively and are more open to interpretation. Some of the soft parameters are; motivation, morale, 
employee satisfaction, organizational climate, communication issues, pride and commitments. The soft 
parameters are used to control the way of working for achieving the hard parameters. At every stage of the 
operation and maintenance productivity, the soft parameters which are linked with human factors plays a 
critical role. It is the personnel after all, which is going to perform the various tasks associated with the 
technical system of the industry. The technical system’s operation and maintenance parameters may be 
effective, yet, if the personnel are uninvolved, unskilled or incompetent due to other soft parameters like; 
motivation, organizational climate, culture, training and lack of communication; the result can be an 
inefficient productivity. There are many cases which show that employee satisfaction is positively linked 
with improved productivity (Bruce and Blackburn, 1992). 

Now the question is; how do the companies measure the soft parameters and scale these intangibles? As a 
usual practice, companies are taking help of human behavioural experts and undertake human resource (HR) 
surveys and interviews, using the proven psychometric instruments. A survey of the soft parameters 
encourages the analysis of the organizational progress providing support to the hard parameters. These 
parameters can be used for monitoring and introducing required changes in the organization. The present 
status of the LKAB’s soft parameters is good which is also being reviewed for audit and further 
improvement. 

The focus on total quality management (TQM) has traditionally been oriented towards hard areas due to the 
philosophical bias of the “gurus” as opposed to the human issues (Crossby, 1988, Deming, 1989, Juran, 
1962). Growing evidence suggests that handling of the culture change is a major obstacle for many 
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companies involved in the TQM implementations (Develin and partners, 1989, Kearneys, 1991, Wilkinson, 
1992), which need the re-orientation of improvement focus on the soft parameters. The TQM philosophy 
involves focus on the team work, participative style of management, good communications and employee 
involvement, features which most companies are yet to fully adopt and implement in their organization. The 
degree to which new organizational culture is fostered depends on the issues like; implementation of the 
training schedules, system of awards, rewards and recognition of participants, and overall commitments of 
the senior management in the vision and objectives of the company. Measurement tools and techniques can 
be used to induce change to complement these strategies involving soft parameters, to identify areas of 
organizational life which might have previously been neglected.  

Although the performance indicators include soft or people related measures and also employee trends and 
remuneration, the indicators are ultimately under the control of policy makers at the strategic level. Thus 
they cannot be used to reflect cultural issues accurately and do not fall within the standard definition (Stone, 
1996). Therefore, it is essential that soft parameters need to be considered from soft or people related 
measures and also employee trends.  

5 Conclusions 
To meet the global competition and high dynamic market demand, optimizing of asset productivity for the 
underground mining industry is required for development and implementation through performance 
measures like the hard and soft parameters. The asset objectives and strategy needs to be integrated with the 
PM system, accompanied with the management’s commitments and employees’ involvement at different 
hierarchical levels of the organization. The hard and soft parameters are required to be appropriately 
identified and developed for implementation and optimization of the asset productivity.  
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Abstract 
A number of large and underground mines intend to commence a new level of underlying block caving 
toward the end of the existing operations. Some of these transition projects are amongst the highest value 
underground mining projects ever undertaken. The interaction between the developing cave and the existing 
operation during cave propagation, breakthrough and draw down need to be simulated so that the transition 
can be properly planned, and so that the risks and effects of the new block caves can be properly 
appreciated.  

 At a number of mines, the interaction between new caves and overlying operations has been investigated 
using detailed three dimensional numerical models. A number of frequently observed phenomena have been 
recreated, and the causes and factors that influence them can be demonstrated. Some observations from 
these simulations of caving milestones are discussed, as well as some implications for the monitoring of 
caving operations. 

1 Introduction 
The interaction of caves with overlying excavations or the surface is a complex, three dimensional and 
significantly non-linear problem. Forecasting and describing the interaction is one of the most challenging 
tasks in rock mechanics. To complicate matters, caves are sometimes low grade operations, significantly 
capital intensive and very inflexible once they have commenced.  

In many cases there is a plan to keep the overlying operation going until the last possible moment. However, 
when coupled with the difficulties in forecasting cave behaviour, the last possible moment to withdraw from 
overlying operations can be extremely difficult to define in advance. Additionally, some of the most 
hazardous cave phenomena are not generally well understood. 

Observations of a number of caves show that there are certain interaction phenomena which are repeated in 
almost all caving mines. These phenomena might define milestones against which the geotechnical progress 
of a cave can be measured and decisions made about certain courses of action that could influence ultimate 
cave performance. The extent and magnitude of these phenomena might also be used to infer the nature of 
caving or of the rock mass, or to identify certain hazardous situations before they develop.  

The following caving milestones and recommendations for instrumentation to observe them are a summary 
of experience. The results from detailed, 3D, non-linear, strain-softening Finite Element (FE) numerical 
models are used to help better understand the phenomena and to provide consistent descriptions in terms of 
strain, energy and stress. Previous studies of cave evolution have been referenced that highlight some of 
these stages of cave development. 

2 Caving milestones 
There are at least ten typical cave interaction milestones, but for each mine there will be related deformation 
phenomena that could be used as markers for cave progression or to identify developing situations. The 
milestones discussed in this paper have been selected because they are common to the majority of analysed 
block caves. 
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They are presented in an approximate chronological order for a typical cave, however, it is noted that some 
of milestones could occur in a different order under specific geotechnical circumstances or for unusual 
mining geometries, for example if steady state caving is never achieved or if the column height is very short.  

2.1 Initial cave back instability 
The earliest identifiable instability corresponds to the first collapses and sloughing from the cave back 
caused by the increasing undercut span. This occurs well before the critical caving hydraulic radius is 
achieved. The early cave back instability is often defined by small, isolated seismogenic zones close to the 
back of the undercut.  

Dissipated plastic energy (DPE) can be simulated using non-linear, strain softening, dilatant numerical 
models and is indicative of the developing seismogenic zone around a cave front. DPE for an example block 
cave under an open pit is shown in Figure 2.1 and for a deep block cave under an existing SLC in Figure 2.2. 
In both of these simulated examples of early cave back instability, corresponding seismicity would be 
constrained to just a portion of the back at a leading edge of the advancing undercut, but it is possible 
seismicity would be far less constrained and appear more random than this. A non-seismic indicator of this 
milestone would be signs of sloughing and deeper damage to the back, seen as measurable steps and 
dislocations in the displacements measured using instruments such as time domain reflectometers (TDR) or 
conventional extensometers.  

If the amount of sloughing is large, it may be confused with steady state caving, but it is important that this is 
avoided. If unconstrained draw were to continue at this stage of cave development, the cave back would not 
propagate very far before forming a stable arch. Instead, brows would become open and an excessive airgap 
could develop if production rates are not reduced.  

Temporarily stalled caves would be considered to have reached this milestone. Examples can be found in 
papers on Northparkes Lift 1 (van As 2000) and the Urad Mine (Kendricks, 1967). In both these cases, cave 
induction techniques were required to get the cave past this milestone.  

 

Figure 0.1 Initial cave back instability, simulated for an example block cave underlying a large 
open pit 
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A criterion for marking the occurrence of this milestone in simulations could be based on the sizes of the 
incremental changes in the volume of unstable material in the cave back, with instability defined using a 
plastic strain limit or simulated displacements. The Alternate Point Estimate Method (APEM) could be used 
to assess the nature and timing of this and other milestones, similar to the analytical techniques described in 
Beck et. al., (2007).  

2.2 Minor cave induced seismicity in the overlying operations: 
In deeper underground mines seismicity commonly occurs around the abutments of the overlying operations, 
but small increases in seismic activity caused by the new cave can be considered as a milestone. Sometimes, 
numerical simulations of DPE show seismic potential coalescing into a cluster, or ribbon of increased 
seismicity at the abutment closest to the block cave. Figure 2.2 shows the DPE on a section through a new 
block cave and an existing sub-level cave (SLC) operation at this subtle but important milestone.  

At this stage it is possible that there would be a slightly elevated seismic hazard in the upper workings which 
should be quantified and managed. However, it is also likely that at this earliest stage the hazard may 
correlate with adverse local cofactors such as poor ground, relatively stiffer rock masses and may be 
exacerbated by poor ground support quality of sufficiency.  

This stage precedes more significant phenomena and milestones which follow, so it would be a particularly 
useful indicator when used in conjunction with other observations to measure the progression of the 
interaction schedule. The numerical criterion to define this stage would be a measure of the average inter-
event distance, or other quantitative seismological parameters for quantifying spatial clustering. 

The seismicity within the seismic cluster on the abutment of the overlying operations would also usually be 
predominately deviatoric in nature. This can only be reliably confirmed in the field by observing the seismic 
moment tensors. There may be no change in the relative size of the deviatoric component of the seismicity 
compared to earlier stages, but the absence of, or a small increase in the typical isotropic component 
confirms this is an early stage of seismogenic interaction. 

 

Figure 0.2 Weak initial interaction seen as a coalescing of seismicity on the abutment of an 
existing SLC, induced by a large underlying block cave 
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For open pit / block cave interaction, the shallow depth and the conditioning of the rock mass around the pit 
caused by surface operations mean that this early caving milestone may not be recorded using a seismic 
system. The effect may simply take the form of subtle changes in deformation, possibly only where the pit 
already shows some signs of deeper structural movements.  

2.3 Weak initial interaction 
The weak initial interaction milestone is a noticeable concentration of stress that results in minor damage 
between the new cave and the overlying operation. Damage is often restricted to geological features that link 
the overlying workings with the advancing cave front. An example of weak initial interaction occurring 
along a major structure is shown on a section through a block cave under an existing open pit in Figure 2.3. 
Here, the induced damage is along a major structure, but could occur through a network of smaller 
discontinuities.  

It is likely that increased seismic activity would occur in deeper mining environments at this stage of the 
cave’s development. However, the peak of seismic activity does not occur in the pillar or bridge between the 
two excavations at this stage. For example, the seismogenic record, if sensitive enough should show that the 
extent of fault related seismicity on the affected structure extended further from the cave back than would be 
expected if there was no interaction between the operations, but the rockmass between the operations is not 
substantially yielded.  

This stage is important and it should be clearly observed if the seismic monitoring system has adequate 
resolution. It may also signify the earliest noticeable caving induced step change in the local hydrological 
environment. The indicated strain change in the rock mass affected by interaction is considered to be very 
minor (<0.1%), but in certain conditions some hydrological changes would be observed. Pumping logs may 
show increased volumes or the nature of flows might be observed to change. These changes are subtle and 
can easily go unnoticed or their significance lost. Any excavations located between the caves, or close to the 
pillar between them may also begin to show signs of stress change; for example spalling or falls of ground 
where there is insufficient ground support capacity.  

 

Figure 0.3 Weak initial interaction simulated for an example block cave under a large open pit 

Numerical identification of this milestone for application in APEM or other forecasting analysis would 
require the identification of minor plastic strain lineations and paths between the caves. In the field, it might 
be identified based on a collection of phenomena matching those described above i.e.; minor stress damage, 
hydrological changes or by the nature of seismic activity. 
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Accounting for possible errors in numerical forecasts and the speed at which subsequent milestones develop, 
the level of DPE and the changes in damage suggest that this is a conservative time when withdrawal or 
rigorous management of access would be considered. Formal risk assessment techniques would assist the 
mine to determine how ongoing access in the overlying operations can proceed. 

2.4 Possible caving HR: 
This is the span at which continued draw should propagate the cave, however, this is often imprecisely 
defined. If more than one rock mass domain is present in the cave column then varying degrees of instability 
and cave propagation rates are to be expected. This is highly evident in Figure 2.4, which shows a 
differential rate of propagation of the seismogenic zone in a weaker rock unit compared to a stronger rock 
unit. In this figure, the overlying caving operation is behind the section plane. 

Sometimes the critical caving hydraulic radius and minimum spans as estimated by traditional methods are 
insufficient to allow the cave to fully propagate because it is difficult for empirical schemes to account for 
the potentially sub optimal combination of the cave footprint shape, the geology and the mines draw 
schedule. This can lead to a stalling of the cave back which has serious consequences for the mine’s 
productivity and profitability. Properly identifying the existence, or non-existence of this condition is 
therefore essential.  

The signs of caving HR are numerous; 

1. The continuity of the seismogenic zone across the cave back would improve. An incremental 
increase in undercut span would induce seismogenic symptoms of instability over a very large area, 
as would increments of draw from the cave, 

2. There would be an increase in deformation on some of the abutments, though ideally the cave will 
have been sequenced so that the operating abutment is in a favourable orientation and location with 
respect to these induced changes, 

3. Simulations and experience at some mines show that drive closure and deformation measured in 
infrastructure close to the cave can endure a step increase at, just preceding or just following this 
milestone. Some mines experience a significant increase in seismicity on the undercut or production 
levels and, 

4. For a time there would be an increase in the rate of propagation of, number of seismic events in the 
seismogenic zone. The propagation rate can double or more. Hudyma et al (2007) noted a tripling of 
the number of seismic events at Northparkes Lift II once one third of the undercut had been mined 
and this is approximately correlated with the zone where initial breakthrough occurred. At this point 
the growth in the seismogenic zone was not related to individual undercut blasts but was a more 
continuous process.  

The step changes of deformation at this milestone are largely attributed to the nature of instability and rapid 
growth of the zone of loosening in the cave back. Changes at the abutments occur as the stress is re-
distributed as the cave initiates and propagates. The associated phenomena can occur very quickly. 

2.5 Precursors to strong interaction: 
The precursors to strong interaction involve the nucleation of damage zones from the two operations towards 
each other, but at a very low level. On a typical section, the seismogenic zone is seen to ‘stretch’ towards the 
other cave or the open pit. In deeper mines there may be large magnitude seismic events or events which are 
anomalously large when compared to the mine’s seismic history. These events can occur on structures 
between the caves and within the bridge between the two excavations. When caves underlie open pits, 
acceleration in rates and magnitudes of deformation detected by physical monitoring should be observed.  
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Figure 0.4 Possible Caving HR simulated at an example block cave, mined underneath but offset 
from an existing cave 

 

Figure 0.5 Precursors to strong seismogenic interaction between a new block cave and an 
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These precursors are significant, because they hint at the nature and subsequent occurrence of some of the 
most important interaction phenomena. For some mines the main precursors are the development of weakly 
developed shear damage bands in the bridge between the caves, mobilisation of geologic structures and 
strong coalescence of seismic events at the abutments of the bridge between the caves. This is demonstrated 
in Figure 2.5 where a structure linking a block cave and an existing SLC is defined by the distinct outward 
growth of the DPE zone towards the overlying cave. 

Effective monitoring and tracking is essential as the timing and location of these precursors can act as trigger 
points for cave management protocols and the nature of these conditions may signal the nature of the 
stronger interactions that follow.  

The best numerical indicator for this step, as might be used in a rigorous APEM analysis or for quantitatively 
interrogating field measurements, may be changes in the rate of propagation of the seismogenic zone and a 
growth in the volume of the interpreted zone of loosening. 

2.6 Strong Interaction: 
Strong interaction can be defined as deformation and damage in the rock mass between the operations which 
is significant and pervasive. It may result in the loss of access to upper excavations that are within or on the 
boundary of the cave column and is typically indicated by significant increases in seismicity. Physical 
monitoring should also show clear responses to deformation occurring in the cave back. 

The nature of the seismogenic interaction is considered to be strong for deeper mines at this stage because of 
the step change in the volume of high seismogenic potential around the existing operation. In shallower 
mines, this milestone may only be manifest as an increase in observed damage in upper development.  

In mines with pre-existing seismic hazards, this stage may be accompanied by significant increases in both 
seismic magnitude and frequency. An example of this is shown in Figure 0.5 where the seismogenic 
interaction appears to be strongly associated with a geological structure that links an existing SLC with the 
newer block cave. 

2.7 Seismogenic bridging (development of aseismic or less seismic bridge between the 
operations): 

This milestone occurs over time and results in the formation of a seismogenic bridge between the underlying 
and overlying operations. The interaction typically occurs in steps. Firstly, strong seismogenic interaction 
and the formation of a yielded bridge between the operations would be observed. This is followed by the 
merging of clusters of seismic activity at some or all of the abutments of the yielded bridge. At this stage the 
hydrological connectivity of the caves increases. At 0.5% strain the caves may be almost directly 
hydrologically connected if the distance is not excessive and there is sufficient head. 

2.8 Front scale seismogenic bridging: 
This is a qualitative milestone. It describes the period where the aseismic zone (zone of rock that has suffered 
seismic conditioning) between the two operations grows to cover much of the growing cave front and 
undercuts a large area of the footprint of the existing operations. This is can be seen in the model results for 
plastic strain in Figure 2.7. The narrow central core of this bridge of plastic strain has reduced seismic 
activity in this case, but this would depend on the geometry and the environment. 

Glazer (2004) discusses the interaction of the Palabora block cave with the open pit that would correspond to 
a stage of this milestone. He noted the de-stressing of the central part of the crown pillar based on an absence 
of seismicity from that region. This de-stressed zone was assumed to be fractured based on the fast ingress of 
rainfall into the production level from the open pit (predicted 4.4 days, actual was 6 hrs). 
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Figure 0.6 Strong seismogenic interaction 

 

Figure 0.7 Front scale seismogenic bridging 
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2.9 Zone of loosening spans the operations: 
At this milestone the two operations are now linked by a substantially damaged zone. Full cave flow is not 
yet developed across the entire footprint, however, there is likely to be some draw down of material, or at 
least subsidence in the overlying operation at this stage. 

The very earliest signs of this linking are shown at an example mine in Figure 2.8 where the linking of 
moderate plastic strain (~2-3% equivalent in this Figure) volumes has occurred. At this early stage, the 
effects of the lower cave on the overlying operation would be best described as subsidence with draw down 
occurring later during the final stage of cave interaction. 

 

Figure 0.8 An example of moderate plastic strain defining a zone of loosening spanning an existing 
SLC and new block cave 

2.10 Cave breakthrough into old operations 
This milestone denotes the point at which the flow within the block cave and overlying operation are 
considered to be connected, though this will not occur across the whole footprint at once. It is at this point 
that waste ingress from the overlying operation is available to flow substantially into the cave column of the 
lower cave. A significant risk is that the changed confinement conditions at the cave/zone of loosening 
interface will mean it becomes more difficult to propagate the rest of the footprint.  

3 Monitoring, Instrumentation and Ongoing Modelling 
There are a number of reasons that the mine would want to identify and track the progression of the 
interaction milestones. Expectations of performance for each of these milestones can be set to assist in 
interpreting the trends in caveability, propagation, fragmentation and flow. Some of the critical decision 
making areas that are enabled by effective monitoring are; 

1. Observations of the location of the cave back and the top of the caved rock mass with sufficient 
accuracy to manage airgap related risks, 

2. Observations of aspects of cave initiation and propagation to assist in decision making regarding 
draw strategy and understanding the performance of the cave, 

Overlying 
previous cave 

Propagating block 
cave 
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3. Forecasts of the likely timing, extent and progression of cave induced deformation in working areas, 

4. Assessments of the effectiveness of pre-conditioning programmes, 

5. Observations of deformation and deterioration in critical mine infrastructure, 

6. Determination of the location and nature of induced seismicity to indicate the likely scenario of 
induced seismic risk out of the ranges considered during back analysis, 

7. Calibration of numerical analysis methods to assist in updating medium and long term forecasts of 
deformation behaviour, 

8. Identification of development of adverse cave conditions and situations which require pre-
determined management responses, 

9. Identification of the early signs of the development of unforeseen risks hence enabling appropriate 
responses, and, 

10. Confirmation of the mine design assumptions sufficiently early to allow modifications to the draw 
plan or to other control measures wherever possible. 

The main tools available to the mine are the microseismic monitoring system and direct physical 
measurement techniques such as extensometers, damage mapping, TDRs and open holes. Open holes may be 
supplemented with camera surveys while the indirect seismic measurements can be supplemented with 
passive or active tomographic surveys. The main practical application of tomography would be to assist in 
identifying areas of dilation in the rock due to yield. 

The principal uses of the microseismic system are to track the development of the seismogenic zone and to 
infer the relationship between the cave, the zone of loosening and the damage front. Accurate seismic 
locations, quantitative seismological information and quality processing should be the focus of seismic 
system design. This infers that a large number of high frequency sensors with coverage from below the 
extraction horizon to at least as high as the existing overlying operations are required. Sensor redundancy 
must also be considered during system design. 

There is also an opportunity to indirectly infer the types of damage in the cave back using measured seismic 
moment tensors. Generally, six or more good quality triaxial waveforms are required to calculate a moment 
tensor, so if this is a goal, a larger number of triaxial sensors than is typically deployed may be required. 

The moment tensors can be directly compared to the decomposition of increments of plastic strain simulated 
using a 3D model with appropriate constitutive behaviour. Once calibrated this way, the synthetic moment 
density tensors from the model can be used to assist in forecasting cave behaviour. Additionally, these strain 
decomposition techniques are of special importance for interpreting the effectiveness of pre-conditioning and 
moment tensor calibration may be the best means of calibrating and interpreting models. 

Damage mapping and the measurement of displacement by extensometers and TDRs can directly assist in 
identifying developing stability problems. They can be alternatively used to assist in the calibration of the 3D 
strain softening, dilatant models. A good correlation between measured and modelled results for seismicity, 
cave initiation and propagation and deformation can be achieved when high quality damage mapping and 
subsidence data for calibration is available. Using some commercially modern simulation packages and 
hardware, the models can be turned around very rapidly, with re-issued forecasts of deformation and damage 
every time a calibration is updated. 

There will however be times and locations during cave propagation where observations are ambiguous. In 
these situations the results of 3D non-linear, strain softening, dilatant numerical models with higher order 
elements (3D NL) such as those shown here can be used to assist in understanding the observations. The 3D 
NL model is specified for this purpose as it is the only modelling technique with features that allow direct 
comparison of the spatial relation between the main caving domains. Using modern packages, the 
combination of seismogenic zone interpretation, strain decomposition and interpretation of tomography and 
seismological observations would give a very comprehensive understanding of cave processes. As the  
3D NL models can now be updated and rebuilt in days or hours instead of weeks, this marks a significant 
point in the evolution of our ability to simulate and understand cave processes in real time. 



 

 391

4 Conclusions 
The integration of 3D NL modelling with the outputs of modern microseismic monitoring systems and 
physical measurements allow the operators of large caving projects to identify specific repeatable and 
common interaction milestones. The ability to amalgamate the information generated by cave monitoring 
systems with increased modelling capabilities including substantially reduced run-times, now enables cave 
management to react to adverse conditions or situations with greater effectiveness and confidence. 

It is reasonable to assume that the operators of new caving projects will be able to forecast, and possibly 
manage many of the risks associated with the vulnerabilities commonly associated with complex mining 
geometries and schedules, provided they develop an appropriate plan and properly understand the best means 
for tracking and interpreting the important caving milestones. 
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Abstract 
In this paper, the authors consider to the deposits which have potential for exploiting initially by Open Pit 
(OP) method, and as it is proved to greater depths, the pit is planned to transfer to Underground (Ug) 
mining methods. The most significant problem connecting to the deposits is determination of optimal 
Transition Depth (TD) from OP to Ug mining. Here, a heuristic algorithm as a basic model based on Block 
Economic Value (BEV)s of OP and Ug was represented. Initial part in the model is, recognizing mineable 
main blocks of 50*50 m due to the both mining methods and comparison between sum of OP and Ug main 
block values in each main level from upper to lower, respectively. To increase accuracy and capacity of the 
model, the final main level of OP is imperative to separate to sub-levels and related sub-blocks of 12.5*12.5 
m. The performed stages of the algorithm for main levels and blocks must be supplied for the sub-levels and 
sub-blocks, too. To state the model in detail, it was employed as a tool for determining the optimal transition 
depth and total profit in the combined method of OP and Ug for a hypothetical deposit. 

1 Introduction 
Selection of the mining method is one of the most important decisions in the design stage of mine. Open Pit 
(OP), underground (Ug) methods or both of them are selected depending on the geometry properties of the 
deposit, its position with respect to the surface and so on (Camus, 1992). In a choice between Op and Ug 
methods, the other most significant factors to be taken into account, are: a) size, shape, and depth of deposit; 
b) rock conditions; c) productivities and machinery capacities; d) capital requirements and operating costs, 
discount rate, investments, amortization, and depreciation; e) ore recoveries and revenues; f) safety and 
injuries; g) environmental aspects (Hartman, 1992), (Nilsson, 1997). Surface mining is generally considered 
to be more advantageous than Ug in recovery, grade control, economics, flexibility, safety, and working 
environments (Chen, 2001). There are many near surface deposits that have considerable vertical extent. 
Although they are initially exploited by OP mining, there is often a point where decisions have to be made to 
either continue deepening the pit or mining the same deposits by Ug methods (Flores, 2004). 

In figure 1, a general schematic and the components of the transition from OP to Ug are demonstrated. 

 

Figure 1 A general Schematic of the transition from OP to Ug mining 

Some of the biggest OP mines worldwide will be achieving their final pit limits during the next 10 to 15 
years (Fuentes, 2004). As well as, there are many mines planning to transfer from OP to Ug mining due to 
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increasing the extraction depth and environmental requirements (Chen, 2003). In this way, block/panel 
caving will likely enable the operations as an Ug method to continue achieving a high production rate and 
low costs (Fuentes, 2004). 

The aim of this paper is a means of determining optimal transition depth from OP to Ug mining. This paper 
demonstrates a heuristic model based on a two dimensional block model with two values (OP and Ug) to 
solve this problem. For statement of the present model in detail, it was employed for a hypothetical deposit 
as a tool of determining the optimal transition depth and total profit in vertical combined method of OP and 
Ug. 

2 Model description 
In the paper, a basic hueristic methodology based on each block economic values of OP and Ug mining for a 
certain ore deposit was introduced. The authors seek to find an optimal transition depth including the 
maximum profit via both OP and Ug. In the present model, we focused on ore deposits have potential for 
exploiting initially by OP method, and as it is proved to greater depths, the pit is planned to transfer to Ug 
mining method, meaning, mining in initial levels is done by OP and in the middle levels transition process 
from OP to Ug can be happen. The main idea in the new model is comparison between OP and Ug block 
values in each level and starting from level 4 (it is assumed that the initial three levels are extracted using 
OP) to level m (which is identified as final economical level for OP using the algorithms of optimization 
final pit limit without consider to Ug alternative). 

In the present study, the following assumptions were made: 

Assumption 1: Initial three levels are selected for OP method 

Assumption 2: A level can be mined at most once and via at most one method (OP or Ug) 

Assumption 3: Sequencing constraints of OP 

Assumption 4: No simultaneous mining of OP and Ug above and below ground (initially exploitation by OP 
mining) 

Assumption 5: Definition of crown pillar height considering the selected underground mining method and 
geotechnical investigations 

Assumption 6: Allow at most one uniform crown pillar 

Assumption 7: Definition of the final underground working depth 

Assumption 8: At most once Ug mining method can be employed 

Assumption 9: The most suitable Ug mining method is known 

Assumption 10: All OP levels are contiguous, and also all Ug levels are contiguous 

Assumption 11: Unmined level (levels) can occur via a crown pillar between OP and Ug contiguous levels 

A general Schematic of the model algorithm is entirely detailed step by step as figure 2. The mentioned 
model must be served as a step by step (as follow) tool for obtaining the objectives of the study. 

Step 0: Start 

Step 1: Generation of separate OP and Ug block economic model based on 50*50 m size of blocks 

Step 2: Determining optimal ultimate pit limit due to OP Block Economic Value (BEV)s in respect to 
extraction sequences using one of the related optimization algorithms such as Korobov or 
Lerchs&Grossmann. As well as, finding the optimum Ug layout and consequently the mineable 50*50 m 
blocks using one of the related algorithms such as Floating Stope Optimizer 

Step 3: Identification of mineable blocks in each level and the dependent blocks in the upper levels by OP. In 
addition, Identification of mineable blocks in each level by Ug 

Assessment of the previous steps can be done using the mining optimization softwares such Datamine and 
the results can import to the model. 
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Step 4: Economical comparison between the two methods from level 4 to level m which is identified as the 
final profitable level of pit (this step is generally the main process of the presented model). In this 
economical analysis and comparison process, the total BEV of OP mining in level i is BEVopi and the total 
BEV of OP mining in the same level is BEVui. The components and the steps of this main process are 
summarized as following and the implemented algorithm focused on level 4 are shown in figure 3. 

Step 5: Determination of transition depth from OP to Ug based on 50*50 m blocks size 

Step 6: Save results 

Step 7: Dividing the 50*50 m blocks located just in the final level selected for OP into 12.5*12.5 m smaller 
blocks 

Step 8: Repeat the previous steps just for the 12.5*12.5 m blocks in final OP working level. In this step, the 
first sub-level (constructing from the blocks size of 12.5*12.5 m) is mined by OP, and investigation process 
must be started from the second sub-level namely (m-y, 2) to final sub-level (m-y, 4), and (y can be 0,1,2, or 
more levels)  

Step 9: Determination of optimal transition depth from OP to Ug basis on the 12.5*12.5 m blocks size. In 
this case, if one or more sub-level/sub-levels consider to be mined using Ug, it is necessary to refer to the 
remained sub-levels and investigate them economically. 

Step 10: Save results 

Step 11: between the remained levels below the optimal transition depth, one or more level (levels) from 
level m-y to m+x can be considered as a crown pillar (x can be 1,2, or more level). The mentioned levels 
selected as a crown pillar may be profitable due to Ug mining method. 

Step 12: The remained levels below the crown pillar are focused and considered just for extraction utilizing 
Ug mining method (from level m+x to n). 

Step 13: Calculation of the total profit from the identified levels due to both OP and Ug, as the following 
comparison relation (equation 1): 
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Where: 

BEV(op&u)t = total profit (BEV) obtaining from whole levels (i to n) extracted by both of OP and 
Ug (vertical combined mining). 

BEVopi = total profit (BEV) obtaining from whole levels (1 to m-y) and sub-levels extracted just using 
OP. 

BEVui = total profit (BEV) obtaining from whole levels (m+x to n) and sub-levels extracted just using 
Ug. 

Step 14: End 
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Figure 2 A general schematic chart of the algorithm 
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Figure 3 A schematic chart of the main process of the model, focused on level 4 

2 Hypothetical case 
The following example is a hypothetical case that explains how the optimum transition depth from OP to Ug 
by the presented model is determined. The exercise is based on a two dimensional block model, 
demonstrating 108 blocks of 50*50 meters in 9 levels and 12 columns. Let us assume that the hypothetical 
ore deposit length is 413 m with an average width of 185 m. The extension of deposit is from level of 37 m 
below the ground surface to 450 m. 

In Step 1, it is necessary to generate the separate OP and Ug block economic model based on 50*50 m size 
of blocks as shown in figures 4 and 5, respectively. 

Then, in Step 2, first, the optimal ultimate pit limit due to OP Block Economic Value (BEV)s in respect to 
extraction sequences using Korabov algorithm (Korabov, 2003) was determined (figure 4). then, the 
optimum Ug layout and consequently the mineable 50*50 m blocks by Floating Stope Optimizer 
(Alford,1995) was determined (figure 5). 

During Step 3, the mineable blocks in each level and the dependent blocks in the upper levels by OP are 
identified (as figure 4). In addition, this process relating to Ug method is done and the mineable blocks in 
each level by Ug are identified (as figure 5). 

 

Figure 4 OP block values, optimal final pit limit and final working depth 

Figure 4 is represented that without take into account the effectiveness of Ug mining in the future, the final 
profitable level is the sixth.  
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Figure 5 Ug block values, optimum underground layout and final working depth 

According to the main process of the presented model, the three initial levels are selected for OP. During 
investigation of level 4, it is resulted that the OP mining method is more profitable than Ug, thus OP is 
selected also for the level. The components and the steps of this main process for level 4, 5 and 6 are 
summarized in figure 6. 

 

Figure 6 A general vision of the main process for the levels 4, 5 and 6 

According to the previous economical analysis, and based on the 50*50 size blocks, transition depth from 
OP to Ug is determined as figure 7. 

 

Figure 7 Transition depth from OP to Ug based 50*50 m size of blocks without any crown pillar 

Now, it is necessity to divide the 50*50 m mineable blocks located in level 4 as the final level selected for 
OP into 12.5*12.5 m smaller blocks and repeat all the previous steps.  
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But with this difference that in the step the main process is achieved, in stead of selection of the initial three 
levels (with 50*50 m size of blocks) for OP, just the first sub-level (constructing from the blocks size of 
12.5*12.5 m) is considered and selected for OP, and now the economical comparison must be started from 
the sub-level (m-y, 2) to (m-y, 4), where (y can be 0,1,2, or more level). Here, sub-level (4,1) is selected for 
OP and the comparison is started from sub-level (4,2) to (4,4). Figure 8 illustrates the mineable sub-levels 
and consequently blocks due to optimization algorithms of determining ultimate pit limit. The optimum Ug 
working layout, the sub-levels for Ug, and mineable blocks, are demonstrated in figure 9. 

 

Figure 8 OP block values and optimal final pit limit for level 4 

 

Figure 9 Ug block values and optimum underground layout for level 4 

Corresponding to the main process step, the initial sub-level is selected for OP. During investigation of sub-
levels from (4,2) to (4,4), it is diagnosed that if sub-level (4,2) and (4,3) are selected for mining by OP, in 
relation to Ug method more profit can be obtained, except sub-level (4,4) is imparted to Ug mining method.  

For the present hypothetical example, it is assumed that one level plus one sub-level are required as a crown 
pillar. For this target sub-level (4,4) and level 5 are more relevant (figure 10). 

The remained levels below the crown pillar are focused and considered for extracting by Ug mining method. 
The general results achieved using the new model for determining optimal transition depth from OP to Ug 
due to the hypothetical case are illustrated in figure 10. 

 

Figure 10 The components of transition from OP to Ug for the hypothetical case 

Finally, the total optimum profit of vertical combined mining obtaining from the identified levels due to both 
OP and Ug, using relation 1 are calculated, and results are summarized in table 1. 
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Table 1 The economical results utilizing the present model due to the hypothetical example 

Levels and sub-levels Profit from OP Profit from Ug Selected method Obtained profit 

Level 1 -3 - OP -3 

Level 2 11 4 OP 11 

Level 3 6 3 OP 6 

(4,1) 5 0.94 OP 5 

(4,2) 3.56 1.31 OP 3.56 

(4,3) 2.25 1.5 OP 2.25 
Level 4 

(4,4) 1.125 2.375 Crown pillar 0 

Level 5 2 7 Crown pillar 0 

Level 6 5 6 Ug 6 

Level 7 - 10 Ug 10 

Level 8 - 8 Ug 8 

Level 9 - 15 Ug 15 

Total profit - - - 63.81 

As it shown in figure 10, the optimal depth of 162.5 meters for transition from OP to Ug is determined. 
Consequently, based on the new model, the related total profit was determined equal to 63.81. 

3 Conclusion 
Due to the significance of determining the optimal transition depth from OP to Ug, a model based on BEV of 
OP and Ug was represented. For description of the model in detail a hypothetical example was used. 
Through using the model for the hypothetical ore deposit, the optimal transition depth from OP to Ug was 
determined equal to 162.5 meters. Between levels 1 to 9, the three initial levels (1,2 and 3) were entirely 
selected for OP, as well as, levels 6 to 9 for Ug. Level 4 as the final extracting level for OP was divided into 
four sub-levels. Via implementation of the model, it was elicited that sub-levels (4,1), (4,2), and (4,3) are 
economically more relevant for mining by OP than Ug, except sub-level (4,4) which was selected for Ug 
mining method. In respect to the importance of a crown pillar consideration between the two methods and 
referring to the assumption of the example, level5 and sub-level (4,4) were imparted to the safety crown 
pillar. Finally, the maximum total profit of the vertical combination mining was determined equal to 63.81. 
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Abstract 
Ridgeway Gold Mine currently utilises Sub Level Caving (SLC) at a production rate of 5.8 Mtpa. In June 
2007, approval was granted for the development of a Block Cave (BC) operation to extract the Ridgeway 
Deeps reserve situated immediately below the existing SLC operations. The Block Cave has a planned height 
of 254 metres and will produce 52 million tonnes of ore over a mine life of 10 years. 

During the transition period a production rate of 5.6 Mtpa is still scheduled from Ridgeway through a 
combined output from the dwindling SLC resource and increased output from the Block Cave construction as 
the undercut advances and drawbells are brought into production. 

In planning the transition from SLC to BC, the following issues and influences require consideration: 

• Interaction between operational and construction work teams 

• Sharing of resources between SLC and BC operations including personnel, equipment, materials 
handling system and ventilation 

• Anticipated ground conditions and fragmentation in the BC which will influence the rate of BC 
establishment and cave propagation  

• Geotechnical interaction between the SLC and BC operations 

1 Introduction 
Ridgeway Gold Mine is located 215 km west north west of Sydney in the NSW Central Tablelands (Figure 
1). Together with the Cadia Hill open cut gold mine, it forms Cadia Valley Operations (CVO), a wholly 
owned subsidiary of Newcrest Mining Limited (NML). 

 

Figure 1 Location Map 

The Ridgeway orebody was discovered in 1996. Further exploration work outlined a resource of 54 Mt @ 
2.4g/t Au and 0.8% Cu. A Feasibility Study recommended a Sub Level Caving (SLC) mining operation with 
a capacity of 4 Mtpa. In late 1999, approval was granted to proceed with the proposed project and an 
intensive mining and construction program commenced. 
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In January 2002, the mine was commissioned and nameplate capacity was achieved in June 2002. Since then 
the production rate has been steadily increased to the current level of 5.8 Mtpa.  

2 Ridgeway Deeps 
Ridgeway Deeps is defined as the section of the orebody below the 5070RL, which is the current location of 
the ore transfer and crushing horizon for the SLC portion of the mine. A section of the Ridgeway orebody 
and mining blocks is shown in Figure 2. The Ridgeway Mine Feasibility Study and two subsequent Life of 
Mine Plans (2003, 2004), recommended continuing with SLC mining as the production method for the 
currently named Ridgeway Deeps section of the mine, though at a reduced production rate of between 2.6 
and 3.5Mtpa, due to the utilisation of truck haulage to deliver ore to the current crusher. These 
recommendations were based on a reserve of approximately 12Mt. 

Additional exploration activity during 2003 and 2004 defined an increase in the reserve of the Ridgeway 
Deeps area. Potential mining issues were also identified relating to an increased amount of structures in the 
ore body, a weaker rock mass and higher in situ stress levels. On this basis, a Conceptual Study was 
undertaken on Ridgeway Deeps during 2005 which evaluated both SLC and Block Caving (BC) mining 
methods at various production rates.  

A Pre Feasibility Study for Ridgeway Deeps was undertaken in 2006 with the following objectives: 

• Review Ridgeway Deeps as a stand alone project to Ridgeway 

• Evaluate all potential mining options including the materials handling requirements 

• Holistically consider the Ridgeway Deeps options within the CVO and Newcrest portfolio 

The Pre Feasibility Study focused on three alternatives: 

• Continuing with SLC mining to a depth of 4740RL and trucking ore to the crusher on 5065RL or 
alternatively establishing a lower crusher horizon and installing a series of ore passes, 

• Establishing a Block Cave with the Extraction Level at 4810RL and trucking ore to the crusher on 
5065RL, and  

• Establishing a Block Cave with the Extraction Level at 4810RL and installing a new crusher and a 
switch back conveyor system linking into the existing underground conveying system 

Additional investigative diamond drilling programs identified that the rock mass, especially on the southern 
side of the orebody, was of a poorer quality than expected. Consequently, the production risk exposure 
relating to a high tonnage SLC mine was considered to be unacceptably high, and Block Caving was adopted 
as the preferred method for further study (Dunstan, 2006).  

 

Figure 2 Section of Ridgeway Mine 

A Feasibility Study was completed in June 2007, with the following recommendations:  
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• Continue with a single SLC level (5040RL) below the existing crusher and truck the ore from this 
level to the established ore handling system,  

• Establish a 254m high Block Cave with the Undercut Level at 4804RL and the Extraction Level at 
4786RL, supported by two jaw crushers and a switch back conveyor system linking into the existing 
underground conveying system. 

 

Figure 3 Plan of Ridgeway Deeps Project Layout 

This recommendation was put forward to the NML Board of Directors and was approved for development in 
June 2007. A section and plan of the project layout are shown in Figures 2 and 3. 

3 Operational Management Requirements 
Ridgeway Gold Mine is one of the main operations within Newcrest, currently contributing approximately 
20% of the total gold production for the group. Ridgeway is currently operating at a production rate of 5.8 
Mtpa and it is scheduled to produce at a rate of 5 to 5.6 Mtpa during the development and construction of the 
Block Cave. This is to be achieved by combining the reducing SLC production with the increasing output 
from the Block Cave as the undercut advances and drawbells are brought into production. Figure 4 illustrates 
the production profile and demonstrates that significant step changes in Block Cave output are required with 
the completion of SLC levels in order to maintain the targeted production rates. The first step change is 
accommodated by the development of the undercut and extraction levels plus the removal of swell material 
from the initial establishment of the undercut. The second step change occurs in mid 2009 and requires the 
Block Cave ramp up to be sequenced such that it minimises the impact on the SLC and enables both 
production areas to meet the total production requirements of the mine. As a consequence of this ramp up, a 
demanding development schedule has been set, with around 1200m/month of combined SLC and BC 
establishment development required during the peak period from January to October 2008. Figure 4 
illustrates the development profile.  
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3.1 Development strategies 
A major consideration for Newcrest management was the selection of an appropriate workable 
implementation model for the development of the Block Cave, whilst maintaining the production rates from 
the existing SLC mine. The model was required to achieve not only the performance goals for the key 
indicators of safety, programme, quality and cost but also to provide Newcrest with experience in 
establishing a caving operation due to the large number of caving projects within its portfolio. 

Ridgeway Gold Mine has been operating with an Owner Miner workforce since April 2005 following the 
successful commissioning of the SLC with a contract workforce. Considerable investment has been made in 
the training and development of the owner workforce and it was recognised that Newcrest is entering a major 
phase of caving development with not only the Ridgeway Deeps Project, but numerous other projects in its 
Development portfolio in the next 10 years. Strategically, the adoption of an Owner Miner model allows 
Newcrest to build and maintain a workforce educated in large scale caving project construction. 

However, this approach was in contrast to a report on development options for block cave projects provided 
by in-house resources with significant experience in block cave and project construction management 
(Powell, 2004). The report was based on industry experience from the Northparkes Lift 2 and Palabora 
projects and communication with a wide cross section of industry experts. The strong recommendation from 
the report was for a Target Based Cost Reimbursable style contract. However this strategy document was 
based on sites with only a single BC project. The situation at CVO and for Newcrest is that there are several 
BC and Panel Cave (PC) projects in the company portfolio to be potentially established in series and as such 
a strategy of training our own workforce was preferred. 

3.1.1 Advantages of Owner Mining 

Existing capable and experienced workforce 

The workforce at Ridgeway Gold Mine has achieved consistently high performance in all of the key 
indicators of safety, programme, quality and cost. Training in procedures and safety systems is already in 
place and the additional workload is only an extension of the existing capability. In Australia’s current 
mining climate, it is extremely difficult to attract and retain appropriately experienced personnel.  

Existing Staff and Management Structure with a proven Track Record 

The Ridgeway Gold Mine management team is well known within Newcrest as having an exceptional 
performance history, with other operations within the group using Ridgeway as a model for their 
management systems. It was considered that the team had the systems in place and with some additional 
resources were capable of undertaking the construction of the Ridgeway Deeps Project as an extension of the 
existing workload. 

Build and retain caving construction knowledge within Newcrest 

By investing in a workforce capable of undertaking a large scale caving project construction, Newcrest is 
establishing a core team for the future as other projects in the production pipeline are brought into 
production. The adoption of a Contractor model would incur a higher risk of knowledge and experience loss.  

Greater efficiencies and lower risk of conflict 

By using an existing Owner Miner workforce supplemented with additional resources that are also managed 
under the same structure, greater efficiencies are able to be achieved within the mine through sharing of 
equipment, personnel, ventilation and haulage facilities. It also avoids contractual claims due to delays and 
disruptions 

Ability to ‘smooth’ the development schedule 

In taking the decision to use an Owner Miner model, it allowed the ability to expedite some of the 
development required as the resources were already on site and had the capacity to undertake the additional 
workload. This leads to improvements in the development schedule and reduces the aggressiveness of the 
project establishment development rates. 
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3.1.2 Disadvantages of Owner Mining 

Ability to meet schedule is a concern with an owner operator scenario 

In an Owner Miner situation, the potential for schedule slippage is higher, due to employees becoming 
complacent (Powell, 2004). This was a major consideration in establishing the choice for the implementation 
model given the heavy reliance on the Block Cave establishment in order to supplement the dwindling SLC 
resource. The performance of the Ridgeway workforce has been exemplary and it was considered that this 
would not become a problem, however as insurance, the issue has been addressed in three ways: 

• Greater ownership of the project by the workforce in establishing a culture of preparing for the 
future of the mine and its employees and guaranteeing ongoing employment 

• Expediting some of the development thus allowing a less aggressive schedule which can also 
accommodate future surge requirements 

• Implementation of computerised, long round technology using similar jumbos being utilised on the 
Cadia East Project 

Quality is a concern with an owner operator scenario. 

Quality is particularly important in a Block Cave project due to the geotechnical risks and additional 
construction costs attributable to excavation outside design profiles. It is also considered to be substandard in 
an Owner Miner arrangement as the manager of the project does not have the contractual tools available to 
enforce a quality outcome, such as penalties or bonuses and, as with the schedule issue, there is the potential 
for employees to become complacent (Powell, 2004). 

At Ridgeway Deeps, the issue has been addressed in the following ways: 

• Presentation of the Project expectations to the workforce with a particular emphasis on the 
importance of quality and the reasons for the tight tolerances being expected due to the operation life 
of the development 

• Implementation of computerised, long round technology using Atlas Copco E2C jumbos based on 
experience with the existing jumbo in use at the Cadia East Project (as with the schedule issue) 

• Adoption of emulsion charging in conjunction with the long round technology to ensure optimum 
blast design with greater control of explosive energy 

• Implementation of ‘saturation’ survey control with 24 hour coverage, providing full face profile 
mark ups and pickup, providing timely feedback on development quality and ensuring profiles are 
kept as close to design as possible. The information is also used to not only provide an immediate 
feedback loop on the ‘As Built’ outcome, but also using mining software to analyse performance 
trends over time and maintain continuous improvement 

3.2 Production Strategies 
It has been identified that the current SLC production management strategies will not be sufficient to manage 
the Block Cave to the high Newcrest standards. To manage the transition from SLC to BC a dedicated team 
has been tasked with creating the new Production Management Plans and reviewing the existing Major 
Hazard Management Plans to ensure the transition is as smooth as possible. A key deliverable of these plans 
will be the required manning levels and training schedules for both the mine operators and the technical 
professionals required to operate the cave. 

Whilst the exact details of how the BC will be managed are still to be confirmed one section of the strategy 
has been defined and it is that the extraction level will utilise semi automated Load Haul Dump (LHD) 
machines. These LHDs and their associated operating systems will assist in managing the draw from the BC 
and also provide a first step toward enhancing productivity in the future. With the installation of this system 
a rigorous dispatch and material tracking system, from draw point to dump point, is included which will 
assist in the daily management of the cave. The automation of the dispatch and material tracking provides an 
order of magnitude improvement from the currently labour intensive manual systems utilised in the SLC. 
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The semi automated LHDs will also assist in removing as many personnel from the extraction level as 
possible and therefore mitigate the chance of injury. 

3.3 Materials Handling System 
The materials handling system at Ridgeway Gold Mine consists of a single gyratory crusher, feeding to a 3.7 
kilometre long conveyor belt system which discharges at the surface ore treatment complex to three product 
types, High Grade Ore, Low Grade Ore and Waste. The system has a capacity of 5.9Mtpa, operating at a 
production rate of 960 tph and a utilisation of 70%. 

The current operating plan is for High Grade ore production to be sourced from existing SLC operations, 
whilst Low Grade ore is sourced from the Ridgeway Deeps project. All waste material is trucked to the 
surface, a distance of seven kilometres, in order to maximise ore production. 

An opportunity exists for a considerable cost saving by trucking waste to an internal waste pass system over 
a haul distance of approximately three kilometres however current Newcrest production requirements do not 
permit the displacement of ore material on the conveyor. 

The ‘bottleneck’ for the materials handling system are the two main conveyor belts. In order to remove this 
restriction, an upgrade is planned for the belt, which will increase the belt production to 1040 tph, or an 
annual capacity of 6.4Mtpa at a utilisation of 70%. Waste material will only be allowed to be placed on the 
system after this upgrade has been completed and if production pressures allow it. 

3.4 Ventilation 
The primary ventilation system for SLC operations at Ridgeway consists of two exhaust shafts (VR4 on the 
western side of the orebody, and VR2 on the eastern side) with intake provided via a combination of the 
Access and Conveyor declines and a large diameter intake shaft (VR3). This system had an installed capacity 
of 580 m3/sec. 

Due to the extension of the orebody towards the south-east, 2 new shafts (1 intake, 1 exhaust) were required 
outside the existing operational footprint as the projected subsidence zone for both SLC and BC mining of 
Ridgeway Deeps will damage the VR2 exhaust shaft and the VR3 intake shaft. 

Construction of these shafts and the associated fans and controls was scheduled early in the project phase 
such that the new exhaust fan system could complement the SLC ventilation system and remove the reliance 
upon the VR2 system for SLC production on the eastern side of the orebody. The introduction of the VR6 
system has increased the combined ventilation capacity of the mine to 900m3/sec 

On the western side of the orebody, the existing VR4 system has been extended and will ultimately serve the 
needs of the Block Cave post construction, however during the construction phase, only a small portion of 
the VR4 system is being used on the Undercut level until SLC production is complete.  

4 Production Continuity 
Due to the influence the Ridgeway mine has on the overall Newcrest business the continuity of production 
during the caving transitions is very important. To identify the issues which will influence the production 
during the transition a number of different interaction evaluation methods were investigated and assessed for 
applicability. From these reviews a number of issues were identified and management strategies are being, or 
have been developed to deal with them. The major issues identified were: 

• The geotechnical interaction between the SLC operations and BC establishment activities, including 
the initial cave propagation rates relative to the established Hydraulic Radius of the footprint, and  

• The initial primary fragmentation from the BC and the impact this will have on the ramp up strategy 
and milling performance. 

• Selection and training of suitable personnel from the existing workforce, as discussed in Section 3. 
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4.1 Geotechnical Interaction between the SLC and BC Operations 
The strategy for managing the geotechnical interaction between the SLC to the Block Cave during the 
transition phase is based on the following parameters: 

• Determination of an exclusion zone in the SLC operations based on existing information and 
numerical modeling to predict the seismogenic zone, where seismic events could occur 

• Propagation rate and direction of the Block Cave 

• Investigation of alternative extraction sequences in the SLC operations 

 

Figure 6 Loosening and Seismogenic Zones Prior to Connection with SLC (Finn D., 2007) 

4.1.1  SLC Operations Exclusion Zone 

The Ridgeway Deeps Feasibility Study schedule assumed a successful and complete extraction of the 
targeted SLC reserve prior to any interaction from the Block Cave in the form of excessive seismic activity, 
which would exclude operations on the lowest SLC level at 5040RL. Business case scenarios subsequent to 
the Feasibility Study identified a potential loss of between 1.1 to 1.6 Mtpa of ore production from the SLC, 
depending on the method used to try to determine the point at which the SLC is affected. On this basis, 
further work was undertaken to gain a more accurate timeframe for the effects of the Block Cave and the 
effects on the business plan.  

Caving rates and the extent of subsidence, with associated damage to overlying areas are highly sensitive and 
unpredictable with recent examples such as Ridgeway SLC and Northparkes Lift 2 breaking through well 
ahead of the scheduled programme. In order to improve the accuracy of the predicted influence timing, a 
number of empirical and numerical methods were used and the results were checked against each other for 
validation purposes. 
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Figure 7 Loosening and Seismogenic Zones after Connection with SLC (Finn D., 2007) 

Information was sought from other caving operations to determine an appropriate methodology for 
determination of safety dimensions and the seismogenic zone. Examples of the benchmark information used 
to determine exclusion zones at various operations are: 

• El Teniente ‘65o Rule’, where a line is projected up from the Undercut to the base of the overlying 
cave (Flores G., 2007) 

• Palabora vertical crown pillar thickness of 178m between the Open Pit and the highest part of the 
underlying BC (Brown E.T., 2007) 

These basic rules, combined with the results of seismic monitoring undertaken at El Teniente Esmeralda 
mine and Palabora were summarised and applied to the Ridgeway situation as shown in Figures 6 and 7.  

A zone of loosening of about 50 to 80 metres is predicted above the cave backs and a seismogenic zone of 
between 80 to 100 metres can be extended around this. Once the zone of loosening achieves connection with 
the overlying SLC, a 70o line has been drawn from the leading edge of the Undercut to the SLC to define the 
likely exclusion zone as the seismogenic zone advances out from the loosened and caved area. 

Numerical modelling undertaken on the extraction sequence was used to check the results of the prediction. 
The results of the numerical modeling were in broad agreement with the case studies and rules from El 
Teniente and Palabora mines, supporting the decision that a 180m rule above the cave backs for 
determination of the exclusion zone is appropriate, prior to SLC / BC connection. 

An extensive cave monitoring system will be installed during project construction in order to monitor 
propagation of the cave and the seismogenic zone. This will provide valuable information to calibrate the 
numerical modeling and to support the rules proposed during the Feasibility Study. 
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Figure 8 Cave reliability chart with MRMR vs. minimum span 

4.1.2 Block Cave Propagation Rate 

The Ridgeway Deeps BC has been optimised for maximum business return in terms of metal output per 
drawbell, resulting in footprint design parameters (Minimum Span and critical Hydraulic Radius, estimated 
using Laubscher’s MRMR system) that lie close to the Transition Zone on Laubscher’s caving chart, see 
Figure 8. The footprint design parameters are presented in Table 1.  

As demonstrated in Table 1, the Eastern block is a stronger rock mass than in the Western block. The 
concern for the planning of the block cave was that initiation within the Western block would result in the 
following outcomes: 

• The weaker rock mass would cave quickly, providing a connection to existing SLC operations 
sooner than desired, with adverse effects on production sustainability 

• As the cave retreats towards the stronger rock mass, the ability to utilise stress caving to assist in the 
more competent Volcanics diminishes through stress shadowing, with a high risk of the cave stalling 

Table 1 Minimum Span and Critical Hydraulic Radius Requirements (Pfitzner M., 2007) 

Block Mean MRMR Mean Hydraulic Radius (m) Mean Minimum Span (m) 

Eastern 58 39 160 

Western 47 30 120 

Of further consideration was the offset of the block cave footprint to the SLC footprint. Northparkes Lift 2 
was used as a case history for comparison, where an offset existed from the Lift 1 footprint. At Northparkes, 
the undercut commenced underneath the Lift 1 footprint and advanced towards the step-out. As a result of 
this, plastic strain was concentrated early in the extraction sequence, in the pillar between the two block cave 
lifts. Consequently, as Lift 2 advanced outside the Lift 2 footprint, cave induced rock mass damage did not 
continue to propagate with the undercut face. Strain localised, becoming isolated in the existing conditioned 
and softened pillar and the propagation of the “step-out” portion was adversely affected (Pfitzner M., 2007). 

Based on these concerns, a north-east to south-west retreat direction has been adopted, commencing in the 
eastern block, outside the footprint of the SLC operations. The retreat direction also has the following 
additional benefits: 

Ridgeway 
East Block 

Ridgeway 
West Block 
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• The face retreat of the undercut is close to parallel with the principal stress direction (Brown E.T., 
2007) 

• Interaction with the major fault corridor orientations is minimised 

• Interaction with the SLC is deferred to the latest possible time 

In order to defer the effect of the Block Cave on the SLC operations, the Feasibility Study production 
schedule used a maximum draw rate of 50mm per day for the initial 10m section of the block cave column, 
increasing to a rate of 80mm per day for steady state production. This rate was based on experience at 
Palabora mine with the adverse effects of coarse fragmentation. It was acknowledged in the Feasibility Study 
that it was a low rate compared to other Block Caves and allowed for an increase in steady state production if 
required. 

A review of the Block Cave ramp-up and the effects on the SLC operations was undertaken in August 2007 
(Duffield S., 2007). As part of this review, various Block and Panel Cave ramp-up guidelines were analysed 
and compared against those proposed for Ridgeway Deeps as shown in Figure 10. It illustrates that that a 
more aggressive ramp-up rate could be used for Ridgeway Deeps, that is well within caving industry 
practice. 
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Figure 9 Various Caving Operations Ramp-Up Rates (Duffield S., 2007) 

Further to this, the numerical modeling results undertaken on the extraction sequence indicated that the 
Block Cave ramp-up during initial production would be affected by cave propagation lagging behind the 
Feasibility Study schedule, thus resulting in an area of low stresses immediately above the undercut, leading 
to poor fragmentation. In order to avoid replicating this situation with any revised schedule, a maximum 
limit of 500 tonnes per month was used for all drawpoints to be constructed in the first 3 months of the 
schedule (Duffield S., 2007). 

Various other cave ramp-up rate criteria based on experience from Northparkes mine were used in 
conjunction with the 180m exclusion zone rule determined in Section 4.1 to produce a revised schedule. The 
revised schedule has a conservative ramp-up prior to reaching Hydraulic Radius, then has a step change in 
ramp-up rates, yet still allows a smooth transition into the Block Cave, with the added benefit of an easing in 
the drawpoint commissioning schedule. 

To minimise the magnitude of the seismic events and to assist the cave propagation rate an extensive 
hydrofracturing program will be implemented ahead of the production schedule. Whilst this technology is 
still in its early stages the results from the Codelco applications are encouraging and Newcrest anticipate 
utilising this technology at other caves in its portfolio in the future. 

4.1.3 Modified SLC Extraction options 

Other options available to manage the interaction issues of the two caves whilst still achieving the planned 
production rates revolve around modifying the current highly successful SLC extraction strategy. Typically 
the extraction sequence for a Ridgeway SLC level is to commence in the north-west part of the orebody, 
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creating a straight face in an east-west direction and retreating towards the south, expanding across the entire 
width of the orebody. The planned extraction rate for the remaining SLC levels is 150% draw of the in situ 
volume. 

In order to further minimise the impact upon the lowest SLC level, 5040 RL, alternative options for 
expediting the extraction of the remaining SLC reserve on that level have been considered, including: 

• No draw from any Block Cave Drawbells located vertically below the SLC, until the SLC is mined 
out in that area 

• Grade Optimised Draw from 5100, 5070, 5040 

• Split 5040 into East and West segments – mine East segment first 

• High draw from current SLC levels, then minimum draw at 5070 and 5040 

Each of these options increases the operating risks associated with the SLC and take time to implement, 
though may be necessary to ensure continuous production should the BC not ramp up as expected. 

 
Figure 10 Geotechnical domains with RMR and caving blocks (average values highlighted in 

bold) 

4.2 Fragmentation 
Figure 10 illustrates a simplified plan view of the 4786RL Extraction Level footprint with the relevant 
geotechnical domains and associated rock mass ratings. It shows that the sediment dominated western block 
is substantially weaker than the volcanic and monzonite dominated eastern block. It also illustrates the 
interpreted positions of the major structural elements of the deposit. Several of the structures in the deposit 
have the potential to create rapid unravelling and provide possible mechanisms for connection of the Block 
Cave to the SLC operation (Pfitzner M., 2007).  
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Figure 11 Predicted Fragmentation Percent Passing < 2m3 

Predicted primary fragmentation results for percent passing < 2m3 are presented in Figure 11. It illustrates 
that in the Volcanic and Monzonite zones, coarser fragmentation can be expected in the first 75m of draw 
(Volcanics P80 2.1m3, Monzonite P80 1.5m3) than in the Sedimentary zones. 

Stress measurements undertaken at 4920RL, approximately 116m above the Undercut level are presented in 
Table 2. The results from a later round of measurements taken on the Undercut level have indicated a higher 
stress gradient than predicted from the Feasibility Study test results. This will result in an improved 
fragmentation result than that presented in Figure 11 as the information was based on the stress measurement 
results shown in Table 2. 

Table 2 Ridgeway Deeps Stress Conditions at 4920mRL 

Component Magnitude (MPa) Dip (Degrees) Bearing (Degrees) 

σ1 53.3 4 267 

σ2 36.7 57 171 

σ3 26.1 32 0 

Block Cave establishment will commence in the north eastern part of the orebody, i.e. in the Volcanics 
section. Obviously, the high proportion of coarse fragmentation during the ramp-up phase of the block cave 
will have major ramifications upon the ability to reach the planned 5.6 Mtpa from Ridgeway. 

The preconditioning program currently planned to assist in managing the caving issues should also provide a 
side benefit of finer fragmentation as it is being conducted in the more competent Volcanic and Monzonite 
zones of the orebody. 
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Abstract 
The Grasberg Pit currently produces approximately 200,000 tpd of ore. In about 2017, PTFI will fully 
transition the Grasberg deposit to block caving operations with planned production of approximately 
160,000 tpd. In the geomechanics analysis there are several factors that are considered. First and foremost, 
the geology, major structure, and in-situ stresses have significant influence on the engineering assumptions 
and analyses related to the prediction of deformations and instability in the pit and underground openings. 
With rate of mining—planned and in progress—the schedule and sequence have impacts on the stress 
conditions predicted within the deposit. The geomechanics analysis of the transition from pit to block cave 
needs to be able to evaluate these conditions with respect to varying mining schedules, therefore a 
geotechnical model is developed that is used and updated for that purpose. 

A number of tools and methods are used in the construction of a geotechnical model and the geomechanical 
analyses of the pit, underground workings, and the interaction between the two. The geotechnical model 
incorporates the geology and geomechanics data provided by PTFI, rock-strength testing, rock-mass 
strength estimates, and in-situ stress measurements. The geotechnical model is the basis for numerical 
analyses of stability of the pit and underground with respect to the mining sequence of the deposit. Sensitivity 
analyses are run to mining schedules (both pit and underground) to predict instability. The results of these 
analyses are then utilized to re-evaluate mining sequences with regard to the potential for slope instability 
within the pit, stability of underground openings, dilution of ore, and timing and location of crack limits. In 
this process, the geotechnical model is updated with geomechanics recommendations that are utilized by 
mine planners in optimizing the mine plan and in transitioning from open-pit to underground production. 

1 Introduction 
The mines of the Ertsberg District, in the province of West Papua in Indonesia, are operated by P.T. Freeport 
Indonesia (PTFI) under contract to the Republic of Indonesia. The Grasberg Mine is located in the Ertsberg 
Mineral District within the Sudirman mountain range of West Papua, Indonesia, at approximately 4 degrees 
south latitude and 137 degrees east longitude, as illustrated on Figure 1. The terrain is very rough and the 
relief is extreme with elevations ranging from 2900 to 4500 meters.  

Two mines are currently producing from the Ertsberg District currently, the Grasberg Pit, and DOZ-ESZ 
block cave mine. The Big Gossan open stope mine is currently under development construction. Planned 
mines include the MLZ and DMLZ block cave in the East Ertsberg Stockwork Zone (EESS), and the Kucing 
Liar Block Cave (KLBC), located southwest of GBC. The locations of these active and planned mines with 
respect to the Grasberg Pit and block cave are illustrated on Figure 2. 

As a part of the continuing engineering work there are many geotechnical issues to be considered in the 
mining transition. We will address the inputs and assumptions in the geomechanical analysis. The details of 
the mine design are discussed in detail in Brannon, et al. (2008). The final geometry of the Grasberg Pit, 
which is expected to have slope heights exceeding 1 km and 40-42-degree overall slope angles, has 
significant bearing on the initial state of stress for development of the block cave. As a part of the feasibility 
study, PTFI requested that sensitivity analysis be run to determine what impact different final pit geometries 
would have on mining the block cave. This sensitivity was run, in part, to determine the potential 
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geotechnical advantages of various mining scenarios, and it was determined that the varying pit geometries 
were not critical to the success of the block cave. 

 
 

 

Once the pit is completed and caving commences, it is expected that there will be slope instabilities within 
the pit that will displace ore within the mineable reserve of the cave. A methodology and process for the 
geomechanical analysis was developed to incorporate various pit configurations and differing caving 
schedules that will have effect on the timing and location of these instabilities. This methodology was 
extended to incorporate the estimates of pit instability into the PCBC model (Diering, 2000), which included 
a sensitivity analysis to the dilution/displacement of ore for mine planning and scheduling. 

CNI is working with PTFI to continue geomechanical analysis, incorporating additional geologic and 
geotechnical data. The goals of this work are to improve the schedule and to develop a mining sequence that 
reduces geotechnical risks in mining the GBC. The following is a discussion of the various inputs into the 
geotechnical model, a summary of the geomechanical analyses and results, and how the results of these 
analyses are re-input into the geotechnical model for use by the mine planning and engineering groups in 
making the transition from open pit to block cave. 

2 Inputs to the Geomechanical Analysis – The Data 
This section is subdivided to discuss key observations and inputs to the geotechnical analysis, including: 
geology, major structure, rock fabric, rock-strength-testing summary, rock-mass strength estimates, and in-
situ stress measurements. The geotechnical model is discussed, as is the primary means of transmitting data 
for input into the analysis, and later in Section 3, how the model is used to transmit conclusions for use in 
mine planning and scheduling.  

2.1 Geology of the Grasberg Block Cave 
The Grasberg Ore Body is located within the Papuan Fold Belt. The fold belt consists of Paleozoic and 
Triassic granite and metamorphic basement rocks that are overlain by Mesozoic and Cenozoic sedimentary 
rocks. In the Ertsberg District, Plio-Pleistocene quartz monzonite intruded these strata and resulted in Cu-Au 
skarn and porphyry type mineralization. 

2.1.1  Lithologies 

The Grasberg Igneous Complex (GIC) intrusives make up the bulk of the ore-grade material in the deposit. 
These GIC units consist of the fine-grained Dalam Trachyandesite, coarser-grained Dalam Fragmental, and 
dioritic intrusion of the Main Grasberg Intrusive (MGI) rock type.  

The GIC is fringed by the Heavy Sulfide Zone (HSZ), which consists of greater than 50 percent pyrite. 
Outside of the HSZ, the deposit is hosted in folded sedimentary rocks of the New Guinea Limestone Group. 
For the sake of brevity, the term sediments is used to describe the Kais (Tk), Faumai (Tf), Waripi (Tw), and 
Sirga (Ts) formations. 
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MLZ
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Figure 1 Location of PTFI’s Mining 
Operations 

Figure 2 Grasberg Pit and Block Cave 
Locations with Respect to Other 
Ertsberg District Mines. 



 

 415

2.1.2  Major Structure 

The dominate structure in the Ertsberg District is the Yellow Valley Syncline, which is a broad, open, 
upright synclinorium with a vertical axial surface and no apparent plunge. The syncline axis trends 
approximately N60°W. The Yellow Valley Syncline separates the two geologic structure domains in the 
limestone. All the limestone to the northeast of the fold axis is the North Geologic Domain and all limestone 
southwest of the fold axis is the South Geologic Domain.  

There are several sets of regional faults found within the vicinity of the Grasberg Deposit. The Grasberg 
Fault trends approximately N60°E and intersects and offsets the axis of the Yellow Valley Syncline. The 
most common regional faults strike northeast and are sub-parallel to the Grasberg Fault. The rock types and 
selected major structures, as projected to the Final Pit, are illustrated on Figure 3. 
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2.1.3 Rock Fabric 

Jointing and rock-fabric data was collected from cell-mapping and oriented drill-core data. Cell-mapping 
was done in the Amole Drift which cuts through the GBC at the 3000 level (approximately 180 meters above 
the 2815 extraction level). Cell Mapping, and obtaining rock fabric data is an areal-mapping technique, 
discussed in Nicholas & Sims (2000). Oriented-core holes were also drilled from this level to ascertain rock 
fabric in the vicinity of the proposed facilities. The rock-fabric data, joint orientation, length, and spacing, 
were used to determine the preferred orientation of the extraction level panel drifts at 035 degrees. The rock-
fabric data is a key input to the fragmentation analysis and is used in the ground support design. Figure 4 
illustrates a contour plot of the rock fabric used in the Dalam Andesite from the 2006 oriented data. Joint 
lengths were determined from the 2002 cell-mapping of the Amole Drift. 

2.2 Geotechnical Rock Types 
The Block Cave Geotechnical Rock Types (BCGRT) are determined based on the geology of the unit, 
alteration, and by the Rock Quality Designation (RQD) estimate for the block. Block Cave Geotechnical 
Rock Types (BCGRT) are assigned as a function of the geologic unit and modelled RQD value, as illustrated 
on Table 1. BCGRT’s ending in 2 are high RQD rock types in the range of 70 to 100, and BCGRT’s ending 
in 0 are low RQD rock types with RQD typically less than zero. The use of BCGRT’s with RQD as the 
primary parameter, allows for the delineation of poor ground – without the smoothing and averaging effects 
that have been observed using RMR classification only. There are 66 different geotechnical rock types 
utilized in the GBC geotechnical model. 

 

 

Figure 3 Geology and Major Structures Figure 4 Rock Fabric in the Dalam Andesite  
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2.3 Rock Mass Properties 
Rock-mass properties and strengths are based on the Block Cave Geotechnical Rock Type (BCGRT). 
Geotechnical rock types are broken down from the various igneous and sedimentary lithologies as a function 
of RQD.  

2.3.1 Geomechanical Testing Program 

As part of the GBC Geotechnical Feasibility Study, rock-strength testing was performed on a number of 
samples. In the Feasibility Study, various tests were completed to characterize rock strengths near the 
undercut and extraction levels. Intact material properties results are listed in Table 2 for selected igneous and 
sedimentary rock types. 

In addition to these test results, all available rock-strength-testing data from the Grasberg Deposit was 
considered in the calculation of the intact and fracture-strength properties for the different lithologies. 
Results from the 1992 Grasberg Pit Slope Feasibility Design provided additional rock-testing data on key 
igneous units, and the results from the 1997-98 Limestone and Intrusive Slope Design were also used (Call 
and Nicholas, 1992-1998). 

2.3.1 Rock Mass Strength Estimation 

The calculation method for determination of the rock-mass properties, from the intact and fracture-shear 
testing data is described in detail in Call, et al. (2000). The rock-mass strengths are calculated based on the 
geomechanical test results. The rock-mass strengths for each BCGRT are computed as a function of the 
RQD.  

Table 2 Selected Intact Strength Properties. 

Rock Type UCS 
(MPa) 

Density 
(tonnes/m3) 

Young’s 
Modulus 

(GPa) 

Poisson’s 
Ratio 

Kali 123 2.63 45.0 0.28 

Trachy 
Andesite 

88 2.68 41.2 0.24 

HSZ 110 3.44 49.6 0.28 

Sirga 49 2.59 31.6 0.25 

Kais 89 2.73 51.8 0.30 

•Block Cave Geotechnical Rock Types
•Rock Types •RQD ID •RQD %

•ii •0 •0-40
•ii •1 •40-60
•ii •2 •60-90
•ii •3 •>90

•s •0 •0-40
•s •1 •40-70
•s •2 •>70

•Igneous

•Sedimentary

•Where ii is the igneous rock formation and s is the 
sedimetary rock formation name.

•Block Cave Geotechnical Rock Types
•Rock Types •RQD ID •RQD %

•ii •0 •0-40
•ii •1 •40-60
•ii •2 •60-90
•ii •3 •>90

•s •0 •0-40
•s •1 •40-70
•s •2 •>70

•Igneous

•Sedimentary

•Block Cave Geotechnical Rock Types
•Rock Types •RQD ID •RQD %

•ii •0 •0-40
•ii •1 •40-60
•ii •2 •60-90
•ii •3 •>90

•s •0 •0-40
•s •1 •40-70
•s •2 •>70

•Igneous

•Sedimentary

•Where ii is the igneous rock formation and s is the 
sedimetary rock formation name. Figure 5 BCGRT’s Projected on the 

2815 Extraction Level 

Table 1 Determination of BCGRT 



 

 417

The rock-mass strength is calculated as both a linear and a power law relationship. The power law 
relationship is the preferred method because linear strength estimates overestimate the strength at high-
normal stress. Computational limitations of the FLAC3D code and other stability analysis tools require the 
use of bi-linear strength. The bi-linear strength was estimated from the power-strength curve. The linear 
estimate is used for low-normals, a break point is determined, and a “best fit” is determined to fit the second 
half of the bi-linear curve out to approximately 100 MPa, so that the highest expected stress magnitude is 
within the range of estimation. 

The sensitivity of the rock-mass strength to the RQD is illustrated by an example of the Dalam Trachy 
Andesite at four different RQD’s, as illustrated on Figure 6. High RQD’s have the highest strength, and low 
RQD’s have strengths that approach the fracture strengths. The strengths are bounded on the upper end by 
the intact strength and on the lower end by the fracture strength illustrated by the dashed line. 
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An example of select rock-mass strengths used in the analysis is illustrated on Figure 7. This shear strength 
verses normal stress plot illustrates the comparative strength between key igneous and sedimentary rock-
mass material properties used in the feasibility study. 

2.4 In Situ Stress Measurements 
Two in situ measurements were taken in the Amole Drift using the CSIRO-HI Cell by ES&S of Australia, 
for the feasibility study done in 2006. The results of measurements in the intrusive can be summarized as 
follows:  

• Sigma 1 and Sigma 2 are roughly equivalent (within the error of the measurements). 

• Sigma 3 is oriented to the NW and is 0.6 to 0.7 times Sigma 1 (Maximum principal stress). 

• Magnitudes of the principal stresses were on the order of 20 MPa, when the measurements were 
taken at depths ranging from 350 to 550 meters below the Grasberg Pit bottom. 

 
The results of the stress measurements in the GIC indicate that the intrusive sites are closer to a hydrostatic 
loading condition where all principal stresses are equal. The regional stress field is based on approximately 
13 in situ measurements made in the Ertsberg District. The maximum principal stress S1 in the sediments is 
oriented in the horizontal plane in the NE/SW direction. This stress configuration would seem to match 
regional tectonic stresses that cause severe folding in the sediments. The ratio of S1 to the vertical stress is 
approximately 1.5:1. Both the intrusive and sedimentary stress conditions are considered in the 
geomechanical analyses. 

3 Geotechnical Model – The Repository for Data and Results 
The geotechnical model is the repository for all geologic, rock-fabric, and geomechanical data used in the 
analyses for the GBC. Following analyses work and review, recommendations and tools for use in mine 
planning are loaded back into the model for use by mine planning engineers and schedulers. 

Figure 7 Comparison of Selected 
Rock Mass Strengths. 

Figure 6 Trachyandesite Rock 
Mass Strengths. 
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PTFI provides the drill-hole data, geologic models, and RQD model. CNI inputs rock-fabric data from 
oriented core, cell mapping, rock-strength database, and rock-mass strength estimates. These are, in turn, 
used in the geomechanical analyses and to determine appropriate recommendations. Key input elements of 
the GBC Geotechnical Model and their input format include. 
 

• Block Model—Geology BCGRT’s based on RQD (Minesight®) 

• Drill Hole Data (acquire database) 

• Bucketized Drill Hole Data (Microsoft Access) 

• Rock Strength Testing Database (Microsoft Access) 

3.1 Geomechanical Results for Mine Planning and Scheduling 
Geotechnical engineers use the various input models as the basis for the engineering analyses. The results of 
these analyses and studies are provided back to the mine planners and schedulers in formats (as part of the 
geotechnical model) that are readily useable for their slope and underground design and scheduling work.  

3.1.1 Slope Angle Model (SA Model) 

As PTFI updates its geology model, CNI periodically reviews the updates and generates the SA model. The 
SA model incorporates all of the slope stability recommendations for the Grasberg Pit slope. The SA 
recommendation model is based on the results of stability analyses, including rock fabric (backbreak and 
interramp analysis), numerical models (FLAC, FLAC3D, stability analysis, using Spencer’s Method of 
Slices (i.e. Slope/W), and also using three-dimensional analyses, including CLARA. CNI transmits the 
results of these analyses in the SA model that is used for updating the open pit mining plan as required. The 
SA model is generally transmitted as a Minesight® block model. 

3.1.2 Ground Condition Model 

For scheduling and development drifting of the GBC, a ground condition model was developed to estimate 
ground support requirements and heading advance rates for development. This model was based on the 
adjusted RMR values utilizing RMR, RQD and geotechnical rock-type values. The ground condition model 
is transmitted as a three-dimensional Minesight® solid, which can be exported as an AutoCAD dxf file for 
use in other software packages. This model is updated as additional drilling and geotechnical data is obtained 
and analysed. 

3.1.3 Fragmentation Model and Estimate for Simulation 

CNI utilizes the primary and secondary fragmentation estimates from the Core2Frag analysis, and the mining 
schedule to estimate fragmentation for mining simulation years. One of the primary goals is to estimate 
mining equipment requirements for hang-ups and secondary breakage. Mine engineering and mill groups are, 
in turn, using these results to estimate crushing requirements for the project. At present, CNI transmits the 
fragmentation estimates as distributions in a database format. The fragmentation is estimated by both 
primary and secondary as a function of draw height, and by rock type, alteration type, and mill material zone.  

There is still significant work that needs to be done to better understand, measure, and then estimate 
fragmentation for block caves. Through future work, a goal of improved fragmentation estimation is to 
develop the model to a resolution for use in estimating input fragmentation at the mill.  

3.1.4 Cave and Crack Limits / Pit Slope Failures and Dilution Models 

One of the principal findings and considerations in the feasibility of the GBC is determining the effect of pit 
slope failures on the ore recovery and dilutions. The timing and location of pit slope failures is of critical 
importance. Failure geometries are determined from the stability analysis results, and are coded as three-
dimensional solids. The response of the Grasberg Pit slopes to caving is expected to be generally controlled 
by the undercutting and draw sequence, the orientation of the cave face relative to the HSZ and pit wall 
orientation, structural controls – faults and bedding, and material properties of the various rock units. 
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The grade of these failure solids is determined, and the locations of where the pit slope failures slide towards, 
is determined, along with a bulking factor. From the resultant failure geometry, bulking, and translation, a 
solid is constructed with the expected grade to establish resultant final pit geometry and grade location, 
which is used in the PCBC simulation for caving. The three-dimensional solid model of failure geometries 
and expected final post-failure resultant geometries are typically provided as a Minesight® model or 
AutoCAD dxf files. An example of these pit slope failures is illustrated on Figure 8, and the conceptual 
model for input to PCBC is illustrated on Figure 9. 
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4 Geomechanical Analyses – The Methodology 
A summary of the geotechnical analyses and results of numerical analyses are discussed.  

4.1  Cavability 
The Grasberg Block Cave (GBC) is cavable. Each of the mining production blocks has sufficient hydraulic 
radius to initiate and sustain caving as an independent cave. Cavability was determined with Laubscher's 
Caving Stability Graph (after Laubscher, 2001) as illustrated on Figure 2-10. Eighty percent of the Rock 
Mass Rating (RMR) values are less than 60, and this was chosen as the design value for the GBC analysis.  

 

 

 

 

 

 

 

 

 

4.2  Fragmentation 
The Core2Frag Analysis (Nicholas & Srikant, 2004) was used to estimate fragmentation for the GBC. 
Primary and secondary fragmentation was estimated for each rock type and material zone. The estimates for 
both primary and secondary were done for each production block and each 60-meter elevation range of the 
mineable shape. The initial estimation of primary and secondary fragmentation is made, utilizing cell 
mapping on the 3000-meter level from the existing Amole Drift and all drill holes that had geomechanical 
data. The annual fragmentation estimates for each production block are illustrated on Figure 11. These 
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fragmentation estimates are based on the primary and secondary results, and were developed using the 
mining schedule provided by PTFI.  

A couple of key observations from the mining simulation fragmentation estimate for years 2023 and 2027 
are that Production Blocks 1 and 2 are fairly mature at the simulation years, with average draw heights in 
excess of 200 meters. Production Block 3 is just initiating caving at year 2023, and the fragmentation 
estimate for that year is essentially primary fragmentation for the block. As Production Block 3 is developed 
into year 2027 with draw heights now in the 120-meter to 200-meter range, the fragmentation is finer. 

These fragmentation estimates are the basis used by the mine planning groups to estimate secondary 
breakage and hang-up estimates. These are also used to determine drawpoint spacing and to estimate 
crushing requirements. Further discussion of the fragmentation analysis can be found in the above referenced 
papers. 

4.3  Ground Support 
The rock-mass ratings (RMRs) are generally fair-to-good for the GBC undercut, extraction, and haulage 
levels. It should be noted that zones of poor and very poor ground conditions are expected in Production 
Block 1. CNI has developed an adjusted RMR Model that has been used to estimate the ground support 
requirements. The construction of the adjusted RMR/Ground Condition Model, using RQD, BCGRT, and 
Composited RMR values within 25 meters of the area being analysed, is shown on Figure 12. The adjusted 
RMR is factored based on the geotechnical rock type and RQD estimates; the borehole RMR estimates were 
not adequate to define the limits of the poor ground based on the limitations of the RMR method. 

The ground support recommendations are based on the use of friction bolts, mesh, threadbar anchors, and 
shotcrete. Additionally, reinforced concrete and steel sets are recommended for specific openings (i.e. ore 
passes at the rail haulage level). Ground support is generally based on existing practices at the DOZ, except 
that bolt lengths have been increased to accommodate the larger drift dimensions. The ground support 
scheme is designed for rock bursting conditions that are expected to occur based on numerical modelling 
results.  

 

 

 

 

        

 

Figure 12 Construction of the Adjusted RMR Ground Support Model from Drill Hole RQD/RMR 
and Geotech Rock Type 

4.4  Cave and Crack Limit Estimation 
Cave and crack limits were estimated based on several methodologies, including FLAC3D analysis results, 
pit slope stability analysis, and engineering judgement. Pit slope stability analyses and failure geometries 
were estimated based on experience and the results of previous and continuing slope-stability studies and 
analysis of Grasberg Pit geometries. The timing and location of these failures is based on the caving 
sequence. 

4.5 Stress and Numerical Analyses 
Stress is initialized in the FLAC3D Model utilizing the Stress Alteration Method (Killian, et al 2008). In situ 
stress measurements in the intrusive indicate maximum principal stress on the order of 20 MPa, in 2006, 
However, forward modelling of the stress conditions indicate that the maximum principal stress expected at 
the initiation of undercutting of the cave is closer to 40 to 50 MPa, based on the hoop stresses that are 
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expected to develop around the final Grasberg Pit geometry. The orientation of the maximum stress is 
approaching the horizontal.  

The FLAC3D analysis, using Itasca’s software, is performed using Version 3.10. The model resolution in the 
fine mesh is approximately 15-meter cubed blocks that extend from 75 meters below the 2775 haulage level 
to the final pit surface. Time scale is 1 year, based on the schedule provided by PTFI. The limits on FLAC3D 
Model resolution are the block model geology provided by PTFI using 15-meter blocks, and also the 
limitations of running the 3D analysis on 64-bit computers. 

Figure 13 illustrates the maximum principal stress for the extraction level. White areas within the cave 
footprint illustrate the areas that have been or are actively caving in year 2023. Higher stress contours on the 
order of 50 to 70 MPa are observed in the advancing cave front to the southeast. There is a zone of high 
stress in excess of 70 MPa north of the footprint due to the high RQD in that area and the hoop stress under 
the pit. Additional geologic delineation is required to determine if the ground conditions are as interpreted, 
but, at this time, the high stress in this area is acceptable, as no workings are planned in that area of the 
extraction level. 

 

 

 

Figure 14 illustrates a history point and how using an advance undercut reduces stresses on the extraction 
and haulage levels as compared to a conventional undercut. As indicated by the stress history point on the 
haulage level, the maximum principal stress is reduced from 82 MPa to approximately 77 MPa. The advance 
undercut results are illustrated with dashed lines. The maximum vertical stress is reduced as well. A key goal 
of the numerical analyses and continuing studies is to determine if there are preferred caving sequences that 
minimize stresses in advance of the cave front. 

5 Conclusions 
The development of a working geotechnical model allows for engineering sensitivity analyses with input 
from the geotechnical consultant, mine engineering, planning, and operations staff. 

Geology, rock fabric, and major structure are critical inputs into the geotechnical model. 

Large open pits have significant impact on the initial state of stress before caving. Hoop stresses develop 
under the large pits. The stress measurement and forward analysis predicting the stress have significant 
impacts on the forward caving analysis, and, in turn, the conclusions and determining cavability and stresses 
expected on the working levels of the mine. The caving schedule and the use of advance undercutting 
techniques also have impact on the stress field that is observed in numerical modelling of the cave front. 
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The use of the geotechnical rock types in the model allows for the ready identification of good ground for 
facilities, and is also able, through the use of numerical models, to determine areas of high stress, with 
respect to time for planning and scheduling. 

The transmission of the geotechnical model with ground conditions allows mine planners and schedulers to 
improve upon mine scheduling. This also may allow for improved safety with respect to modifying 
schedules and development to avoid working in areas with rock-burst potential. 

Detailed geologic and geomechanical observations from large caves, and large caves underneath large open 
pits, are required to improve both quantitative and empirical analyses methods. These observations include, 
but are not limited to, measurement of in situ stresses at various locations within the cave and cave front, 
fragmentation, and mapping of observed ground conditions, with respect to predictions based on drilling 
data. 

There are uncertainties in the analysis of large caves. The methodology of using the geotechnical model, 
allows for sensitivity analyses to be run holding parameters constant that allow the engineers to bracket and 
determine the critical parameters for successful caving.  
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Abstract 

The Ernest Henry Mine is currently a copper-gold open pit operation situated in North-West Queensland, 
Australia.  It is owned and operated by Xstrata Copper with a current throughput of 10 million tonnes per 
annum, but will cease open pit mining towards the end of 2010.  The deposit dips at approximately 45º and 
extends for at least another 400 vertical metres below the final pit floor which will be 530 metres deep, 
where a deep drilling program has focused on an extension of a further 200 vertical metres.   

A Pre-Feasibility Study team has evaluated a number of options for continued mining at Ernest Henry.  
These range from mining the base of the pit and ramp from an underground decline utilising truck haulage 
options, to nominally 5Mtpa shaft based operations.  The large scale options are centred on the Mass Mining 
techniques of either Sub-Level Caving or Inclined Caving, using underground crushing and shaft haulage, 
conveying to surface has also been considered.   

The major challenges faced with defining the depth extent of the underground mineral resource include the 
constraints on surface collar locations by waste dump location, and deep hole accuracy.  The ore zone and 
most of the hanging wall sequence is quite competent and pre-conditioning is under consideration to assist 
the cave propagation through the hanging wall sequence.  Low grade stockpiles and the limited remaining 
mine life combine to limit the ideal timeframe to have an underground operation on line without having to 
shut the concentrator and re-start later.  A number of strategies are being developed to minimise the 
timeframe to full underground production whilst awaiting confirmation of a viable underground mine when 
the Feasibility Studies conclude in early 2009.  The Pre-Feasibility study process is due for completion in 
2008 and this paper describes the progress to the end of 2007. 

1 Introduction 

1.1 Regional Setting 

The Ernest Henry deposit is located 38 km NE of Cloncurry in the Eastern Fold Belt of the Mt Isa Inlier of 
NW Queensland at (see Figure 1).  The mine is operated by Ernest Henry Mining Pty Ltd (EHM), which is 
100 per cent owned by Xstrata Copper Australia.  The deposit was discovered in 1991 with pre-stripping 
commencing in 1996 and first ore treated in 1998.  The on-site plant produces a copper-gold concentrate 
which is then trucked to Mount Isa for smelting.  The mine is relatively wet with up to 9 Ml per day of 
ground water being pumped out of the pit and bores in addition to rainfall during the wet season.   
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Figure 1 Location Map of Ernest Henry Deposit showing major access roads 

Being an existing operation the site has a full suite of infrastructure including roads, rail access, power, water 
and accommodation.  Approximately half the workforce resides in near-by Cloncurry and the remainder 
commute from several centres on the Queensland coast.  The Pre-Feasibility Study therefore focuses 
primarily on the technical aspects of assessing and mining the deposit itself. 

1.2 Background to the current study 

Drilling during 2002/03 to determine the possibilities for pit extensions and underground potential is 
described by Collier and Bryant (2003).  Further drilling targeted an underground resource base in 2003/04 
and concluded that the mineralisation was still open at depth.  The resulting Mineral Resource estimate was 
used by MacSporran et al. (2004) in a study that examined the potential to mine down dip of the final Stage 7 
open pit by Transverse Sub-Level Caving (SLC) and combinations of core and shell stoping then converting 
to SLC.  That resource base used extended 400 m vertically below the final pit and was open at depth.  The 
relatively low grade of the down dip resources was considered to preclude high cost and low production 
mining methods involving cemented fill. 

The underground concept was then extended to include Inclined Caving (IC) (MacSporran and Bull, 2005) 
which indicated superior economics but with a higher risk profile due to the need for pre-conditioning of the 
ore to enable caving.  An up-side case based on an assumed down dip extension of 200 m indicated a viable 
underground operation was possible and recommended further evaluation including deeper drilling.   

As part of their studies MacSporran and Bull (2005) proposed a very aggressive development schedule for a 
4Mtpa SLC mine including the assumed down dip extension.  This schedule had a deep drilling program and 
feasibility studies sufficiently completed to begin development of a decline and shaft sinking by early 2007. 

1.3 The Current Pre-Feasibility Study 
The Feasibility Study process adopted by Xstrata Copper was a more staged approach.  This began with deep 
drilling in 2006 to test for down dip extensions followed by further resource definition drilling with the 
Feasibility Study process planned to be completed by early 2009.  Projecting the development schedule of 
MacSporran and Bull (2005) to this delayed timeframe would have resulted in at least a 12 month production 
gap with the concentrator on care and maintenance. 
 
As a result the Pre-Feasibility Study Program has attempted to fast track as many critical path activities as 
practical by performing studies on preliminary data and scheduling any additional re-work when final data 
and models were available.  The results have been mixed with some re-work now required and some 
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evaluation work not completed according to the original schedule.  The major aim of the Pre-Feasibility 
Study is to up-grade the resource estimate to at least the Indicated Mineral Resource category and to 
determine the preferred mining method to be put forward for optimising in the Feasibility Study by early 
2008. 
 
During the Pre-Feasibility Study it was identified that alternative schedules to developing a full scale 
underground mine are possible with early access to underground infrastructure locations thus allowing 
quicker shaft sinking methods.  An early decline (February 2008) therefore could allow production to be 
brought forward in time, and also delay relative to the production profile significant capital costs such as ore 
handling systems.  An initial diesel trucking option of only mining a small area of the resource immediately 
below the pit, termed the Block 1 Mine, shows sufficiently robust economics with current forward pricing to 
justify the decline to below the final pit shape.  The Xstrata Copper Board has approved funding for the first 
stage of the decline which is planned to begin in February 2008. 

2 Geological Investigations 

2.1 Geological Setting 

The Ernest Henry deposit is a member of the Fe-oxide-(Cu-Au) type and occurs beneath Mesozoic cover 
varying in depths between 40-60 m.  The ore body is bound by two anastomosing shear zones that trend NE-
SW (the ‘Footwall’ and the ‘Hangingwall’ shear zones as shown in Figure 2) and is hosted within meta-
volcanic and meta-sedimentary rocks (ca 1740 ma).  Mineralisation largely occurs as infill in a hydrothermal 
breccia/vein pipe-like body up to 300 m wide by 250 m thick and is known to extend at least 1200 m down 
dip.  The ore grade mineralisation is mainly composed of sub rounded clasts separated by a fine to medium 
grained infill composed of magnetite, calcite, pyrite, biotite, k-feldspar, chalcopyrite, hematite, garnet, barite, 
fluorite, quartz, molybdenite and gold (in Electrum).  The geology of the Ernest Henry Deposit is described 
in more detail by Collier and Bryant (2003). 

 

Figure 2 Schematic N-S cross section of the Ernest Henry deposit  

2.2 Pre-Feasibility deep drilling program and resource estimation 

Drilling completed up until early 2004 had identified an Indicated + Inferred Mineral Resource estimated to 
contain 44 million tonnes at 1.4% copper and 0.7 g/t gold to around 1000 m below surface (1200 m RL).  
The collar positions of many of these holes had been consumed by mining as the final pit cutback had 
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commenced leaving a relatively narrow drilling platform between the pit haul roads and waste dumps to the 
south.   

The challenges facing the drilling teams included drilling though 60 m of unconsolidated recent cover 
containing sands, clays, gravels and water.  Once through the cover, holes had to be steered using 
navigational drilling techniques to maintain the location of resource intercepts.  Resource holes were 
typically a minimum of 1000m deep and navigational drilling has proved effective only in a few bands of 
relatively soft rock (85MPa UCS). 

The first phase of the current Deep Drilling Program tested the continuity of the down dip extension to the 
resource base to 1200 m below surface.  The mineralisation was found to be less consistent at this depth with 
one hole finishing in low grade mineralisation at a depth of 1500 m depth when footwall rocks were 
expected.  The second phase of deep drilling targeted the zone between the existing resource model and the 
Phase 1 holes.  This program totaled around 18 000 m of drilling and was only able to establish an extension 
to the Inferred Mineral Resource category below the previous 400m of 2004 resource extension.  Phase 3 of 
the drilling program is increasing confidence in the 2004 resource zone by infilling gaps in the existing 
drilling.  This program was in progress at the time of writing this paper.  The drilling issues have resulted in 
the conclusion that in-fill drilling will be required from underground to design any mining operations below 
1000 m from surface.   

In addition to the resource drilling the geological team is also supervising a 6800 m HQ triple tube 
geotechnical drilling program.  This program will continue into 2008 and will also be extended to include a 
number of water investigation holes. 

Standard processes are used for logging (geological and geotechnical), assaying, QA/QC, plotting results, 
and interpretation.  All previous data has been re-validated for the new block models and new interpretations 
of lithological boundaries including internal waste zones have been used to create a new geological block 
model for resource reporting at the end of 2007.   

The mine design process has to interact with the resource drill out to ensure confidence in the resource and 
its economic boundaries.  An additional phase of deep drilling is planned for the first half of 2008 in 
conjunction with the mine design process.  The resulting model up-date is expected to be available for mine 
design in mid 2008. 

3 Geotechnical Investigations  

The geotechnical studies supporting the Ernest Henry Pre-Feasibility assessment include development and 
analysis of a geotechnical information database; empirical estimates of caveability and fragmentation of the 
orebody; hanging wall and preliminary numerical stress analyses of underground mining; mode of hanging 
wall failure and subsidence; and prediction of mining-induced stress on mine development and 
infrastructure.  This work has been a joint project by Xstrata Ernest Henry and Mount Isa geotechnical staff, 
SRK Consulting and the Itasca Consulting Group, and is summarised below. 

3.1 Geotechnical Database  

The geotechnical database is derived primarily from logging of deep boreholes drilled into the ore resource 
and hanging wall beneath the pit as well as laboratory testing of the uni-axial and tri-axial strength of rock 
cores.  Work done during the year included re-logging approximately 30 000 m of pre-2007 resource drilling 
and there are now in total more than 50 boreholes that intersect the underground resource that have been 
geotechnically logged.  An extensive drilling program is currently underway to supplement this data outside 
of the resource drilling area.  Figure 3 shows isometric views of the general geotechnical units the location of 
the current geotechnical boreholes in relation to the final pit and underground resource.  The lithologic units 
represent distinct geotechnical domains with relatively uniform rock mass quality and strength properties 



 

 427

within the proposed resource region.  A summary of the geotechnical characteristics of the various 
geological units obtained from borehole logging is given in Table 1.   

Table 1 Mean Values of Geotechnical Characteristics of Primary Geotechnical Units Obtained 
from Core Logging 

MRMR Rock Type UCS  
(MPa) RMR Min Max 

FGAB 101 +/- 25 50 45 55 
SCH 81 +/- 8 56 50 62 
IV 140 +/- 31 57 50 62 
FV 100 +/- 28 67 60 75 

 

 

Figure 3 Isometric view of the final pit and major geotechnical units  

The ore mineralisation occurs within the Felsic Volcanics (FV), a strong, high quality, relatively sparsely-
jointed rock mass with few major geological structures.  The immediate hanging wall is composed of the 
Intermediate Volcanics (IV) and Schist (SCH) units.  These units are relatively strong, high quality and 
somewhat variable crystalline rocks with similar geotechnical characteristics.  The schist is recrystallised 
with strong foliation and high silica content.  The Fine Grained Albitite (FGAB) is the weakest rock mass 
unit with fair RMR and abundant major structure.  The rock mass properties of these units were estimated 
using the method of Hoek and Brown (Hoek, 2000) as implemented in the RocLab program (Rocscience, 
2007).   

Two known major fault structures occur in the hanging wall and dip sub-parallel to the lithologic contacts.  
These faults are found primarily in the schist and are not thought, at present, to be of major importance from 
a caving perspective.   

In situ stresses were estimated by the Acoustic Emission (AE) technique as reported by Villaescusa and Li 
(2004). The principle behind the technique is that changes in the rate of AE with stress occur at the 
maximum stress level (along the axis of the sample) to which a sample had previously been subjected.  
Measurements were performed on samples from three depths in a single borehole, and are illustrated in 
Figure 4.  Stress measurements using Hi-cells will be taken from the decline development from suitable 
locations sufficiently away from the pit’s influence.   
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Figure 4 Estimated principal stresses as a function of depth (data from Villascusa and Li, 2004). 

3.2 Assessment of Caveability and Pre-Conditioning 

Initial assessments of hangingwall caveability have been made using empirical estimates based on Laubscher 
(2000) correlations of MRMR to hydraulic radius for sustained caving, and, numerical assessment of caving 
using the FLAC3D program (Pierce, et. al., 2006).  Whilst further geotechnical data is being assessed only 
preliminary assessments were available at the time of writing this paper.  With an SLC method the ore zone 
will be blasted and the hanging wall units must cave to avoid an air gap.  The wider sections at the top of the 
cave directly under the southern pit wall appear to have more than sufficient hydraulic radius available to 
begin caving.  Further work is proceeding down dip to understand the expected behaviour of the hanging 
wall and its sensitivity to the mining width.   

A preliminary study of preconditioning by blasting or hydraulic fracturing has been completed by Tricomin 
of Santiago, Chile (Vanbrabant and Zamora, 2007).  This study indicated that the potential exists for 
decreased hydraulic radius for caveability and for increased fragmentation with preconditioning.  Blasting 
pre-conditioning may be applicable in the upper 200 m of the underground mine and hydraulic fracturing is 
the preferred option below this.   

4 Mining Options  

The mining method has to balance the capital cost of fixed infrastructure (and returning its value) with the 
economics of mining a low grade deposit.  The Resource will have a higher cut-off grade than the open pit 
and therefore will mine less tonnes per vertical metre at higher cost.  The higher the throughput rate the 
faster the return on capital and the greater the coverage of fixed costs offset by the risk of over-investment in 
capital infrastructure to fill the concentrator capacity of 10Mtpa.   

4.1 Mining methods 

The favoured mining option is transverse SLC based on the Ridgeway and Telfer concepts adjusted for a 45º 
orebody.  All development is in the footwall and is sited away from any potential further mineralisation in 
the area.  Inclined Caving can match the footwall of the deposit, however, the caveability of the ore zone in 
the span available is questionable and the hanging wall sequence is weaker than the ore zone, potentially 
leading to early dilution.  Other mining methods considered are also summarised below. 

4.1.1 Transverse SLC 

The SLC mine will be accessed by a 1:7 gradient decline on the north western corner of the ore body as the 
dip of orebody requires the ore passes to be situated in the footwall precluding an effective decline path.  The 
decline features a spiral design with the longest straights that still allow access to the levels which are spaced 
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at 25 m with a minimum radius of curvature to the centreline of 25 m.  The decline will be developed with a 
dedicated ventilation system for maximum advance rate as it is on the critical path to full mine production. 

The mining block is approximately 230 m wide (east-west) and 250 m long (north-south) for the top half of 
the block and grading down to around 150 m wide at the base of the block.  This block covers 425 vertical 
metres dipping at approximately 45º with the top extraction level at 1600 m RL and the bottom level 
currently designed at the 1200 m RL.  Surface is approximately 2160 m RL. 

Mine development will commence from an initial decline to 1550 m RL with the three main priorities being 
driving to the upcast ventilation shaft to the west of the pit, driving to the hoisting shaft mid shaft location, 
and sinking the decline to the base of the hoisting shaft.  Ventilation shafts will be raise bored.  The hoisting 
shaft is planned to be raise bored in two legs and then stripped and lined from the surface with waste trucked 
out from both the mid shaft and shaft bottom locations.   

Figure 5 shows a schematic view of the SLC mine and major infrastructure.  Fresh air from the hoisting shaft 
and a dedicated fresh air shaft is planned to be drawn down the eastern side of the orebody via fresh air rises 
including a separate ladder equipped escape way, and down the western side via the decline system.  Air will 
be then distributed to working headings via rigid vent ducting and will return to centrally located return 
airways and the ore passes which will be top exhausted. 

 

Figure 5 The SLC concept design looking West 

Ore passes have been designed at 70-80º and 3.2 m diameter, this being a trade off between the maximum 
diameter that can be reamed at various angles, the development required to access multiple ore passes on 
each level, maximising storage capacity, and to honour a rule of thumb of a maximum of 10 Mt through each 
ore pass.  Ore passes terminate at the 1125 m RL crusher transfer level. 

The base of the mine option shown in Figure 5 is designed for up to three additional sub-levels below the 
bottom production level of 1200 m RL level.  The final depth of the transfer level will be a trade off between 
the incremental cost of depth, surge capacity for the lowest production level and the potential for further 
production levels.   

Production drilling designs are based on a maximum blast hole of around 45 m long and 102 mm diameter 
with rings dumped forward at 20º and emulsion loading envisaged.  Fragmentation studies to optimise the 
drilling pattern have yet to commence.  Production drilling is expected to require an average of 275 000 m 
per year.  Pre-charging is favoured for safety and production advantages. 
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Preliminary production plans including dilution estimates are at an early stage.  Scheduling is based on an 
assumption of a maximum 330 tonnes per day per draw point supplemented by average of 300,000 tonnes of 
development ore.  This requires a minimum of 42 draw points at 15 m spacing or three levels in full 
production to produce 5 Mtpa. 

Initial diluted ore production for economic modelling was based on the Mass Mining Technology SLC Best 
Practice report (Power and Just 2007).  Benchmarking data from mines with similar characteristics to the 
proposed SLC mine has indicated a tonnage recovery factor of 100% at 80% of in situ grades.  Further work 
on recovery and dilution factors from more detailed production schedules is on-going with flow based 
estimates (Power 2007), REBOP software and potentially other software developments such as a potential 
SLC version of PCBC (Jakubek 2007) under consideration.   

Optimisations are only expected to be applied to the final method selected as part of the Feasibility Study.  
Areas to be optimised include extraction drive spacing, level spacing, cut-off grade, production rate, crusher 
level, and draw strategy. 

4.1.2 Inclined Caving 

The Inclined Cave (IC) mining method in conjunction with pre-conditioning has also been considered for the 
Ernest Henry underground project.  When designing the capital infrastructure for the SLC, potential 
conversion to an IC has been considered.  The capital design layout including the ventilation circuit, ore 
handling system and decline accesses of the IC remains similar to the base case SLC mine.  The major 
difference between the SLC and IC would be the undercut and extraction level that would be in place of the 
final SLC extraction level which in the current design shape is the 1200 m RL level.   

The major uncertainties relating to IC involve the caveability of the ore zone and hanging wall sequence.  
The initial stability graphs generated by geotechnical investigations indicate that the rock mass may not cave 
sufficiently to allow the IC mining method to operate effectively.  If the IC mining method is investigated 
further, work will need to be completed to optimise the spacing of the draw points, as preliminary work 
completed suggests that draw point spacing’s will need to be closer than those proposed for the SLC to 
maximise the material extracted from within the cave.   

4.1.3 Other methods considered 

A Longitudinal SLC option has been suggested to have advantages over the transverse layout (Dunstan 
2007).  The main advantages are seen as simpler draw strategies (the same draw for the entire length of a 
drill drive), and ore passes which are closer to vertical.  Stress management is dependent on the stress field 
which at this stage appears to suit the transverse layout.  This option will be investigated through to pre-
feasibility standard to confirm the preferred option.  

The original scoping study examined a Core and Shell option to begin early production whilst establishing 
the shaft and SLC mine.  With the additional geotechnical information now available a variation of the Core 
and Shell method utilising open stopes with pillars mass blasted into the voids and inclined caving type draw 
scenarios will be re-visited to scoping study level in early 2008.   

A short duration caving/glory hole mine based on the transition to underground mining that does not require 
major mine infrastructure has also been considered in the event that a full scale underground mine is not 
considered viable.  It cannot produce at a sufficient rate to be a stand alone operation and is therefore only 
planned to operate in parallel with the milling of low grade resources after the end of the pit operations.  The 
initial design recovers 6.7 Mt of ore by the end of 2012 and indicates a positive NPV including returning the 
capital for the initial decline.   
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4.2 Key infrastructure designs 

Many aspects of the underground infrastructure requirements have been investigated during 2007 but for 
reasons of brevity this paper will concentrate mainly on the choice of hoisting system.  A number of aspects 
to the infrastructure study were summarised by Ellen (2007) to form the basis upon which the Pre-Feasibility 
Study design has been progressed.  As there are many similarities between the proposed mines and recent 
examples of new installations (for example the Telfer Mine in Western Australia) many aspects to the Ernest 
Henry proposal have good recent precedence (Pratt and Ellen, 2005; Ellen, 2007).  

The Initial focus in the ore handling area was determining the preferred method of hoisting ore to surface, 
with both inclined conveyor haulage and vertical shaft haulage being considered.  Due to the depth and 
production rate all trucking options had been ruled out.   

Investigations concluded that a two leg conveyor would require approximately 3 km conveyor drives for the 
vertical lift required.  A three leg conveyor would require a minimum of 2 km conveyors, and both of these 
would be difficult to develop from multiple access points due to the nature of their layouts.  A four leg 
conveyor with 1.5 km drives would be as convenient to develop as a shaft but required three transfer points 
and a considerable geotechnical drilling program to reduce the risk of unexpected ground hazards.  
Geotechnical knowledge for the longer drives would be more arduous, may involve drilling under tailings 
dams and waste dumps, and the designs may not have fitted within the lease boundaries.  Pratt and Ellen 
(2005) had concluded previously that the relative capital and operating costs of shafts and conveyors were 
quite similar and therefore there was no compelling cost advantage to either option. 

The vertical shaft hoisting option was selected for incorporation into the materials handling system, as it had 
advantages in the following areas: minimum footprint, geotechnical knowledge requirement, primary 
ventilation element, single semi-independent development front, capital cost, direct services route and access 
to expertise from Xstrata’s Mount Isa Operations where eight winders are currently operated in five shafts. 

The ore handling system is being designed to be capable of delivering 5-6 Mtpa of SLC sourced material to 
the existing surface processing facility.  The design includes LHDs transferring ore to a gyratory crusher 
with tramp metal detection and removal below followed by conveying of ore approximately 900 m to a 1500 
tonne live surge capacity lined bin near the shaft.  A Koepe winder and rope guides are planned to hoist the 
ore approximately 1100 m to the surface through a 7.0m diameter concrete lined shaft.  An overland 
conveyor system will then connect the hoisting system to the existing mill stockpile conveyor. 

5 Metallurgical and Environmental Studies  

The study team have more than ten years of Concentrator and ore performance history to draw from.  The 
plant’s original nameplate capacity was 9 Mtpa however the plant’s budget for 2007 is 11 Mt.  In this light 
an underground operation producing 5 to 6 Mtpa will require a different strategy to maintain optimum 
flotation performance.  Studies have concluded that the optimum strategy (assuming no other sources of feed 
are available) will be to run the plant at full capacity eight days on and six days off or some similar 
proportion. 

In order to validate the down dip performance the current resource was split into three domains of 200 
vertical metres each with domains one at the lower end and domain three below the final pit design.  
Domains 1 and 2 show similar grade recovery relationships to open pit ore and domain 3 showed a slight 
reduction in recovery and in overall copper concentrate grade.  The flotation testing of hanging wall samples 
compared well to model predictions of open cut ore with a similar grade.  Grinding tests of underground 
resource samples showed that as grade decreases the hardness of the ore increases and that the underground 
resource can be assumed to have the same grinding characteristics as the open pit ore.   

As Ernest Henry is an existing modern mine the environmental impacts are limited to the change to ground 
water tables from a deeper mining operation, a larger tailing storage facility and a slightly larger disturbed 
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land area from the subsidence zone formed by mining.  The main issues under study relate to the effects on 
long term water quality that will develop in the pit after mining is completed due to the underground 
operations. 

Conclusions 

Without underground extensions the Ernest Henry Mine will cease mining by the end of 2010 and produce 
metal from stockpiles until early 2012.  The window to maintain continuous production at a minimum of half 
capacity requires development to begin in early 2008.  Funding for a decline has been approved based on a 
medium scale short duration underground mine.  

The mining method chosen for a full scale underground mine will have to be a relatively high volume low 
cost option that can return the capital and manage a number of risks including a competent hanging wall, 
finalising resource definition from underground after mine development begins, and adaptation of the SLC 
method to a 45 degree orebody.  

The target for the Feasibility Study process is to be in a position to recommend a full scale underground mine 
to the Xstrata Copper Board by the end of the first quarter of 2009.  Studies are currently progressing with 
some areas more advanced than others, however, the expected timeframe is considered achievable given the 
progress to date.   
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Abstract 
This paper describes the state of the Grasberg Block Cave (GBC) mine design from the 2007 Feasibility 
Study, and also reviews the progress of the long-lead time access development that began in 2004 on the 
project. The Grasberg open pit is scheduled to close in late 2015, followed by initiation of drawpoint 
production from the GBC in 2016. Full production of 160,000 tpd is achieved in about 2022, meaning that 
the time period between initial access development to full production is about 18-years. 

GBC estimated diluted ore reserves are about 983 million tonnes at a grade of 1.06% Cu and 0.85 g/t Au. 
The mine plan utilizes an El Teniente-style drawpoint layout on a 20m x 30m drawbell spacing, comprising 
some 2,400 drawpoints in a 700,000 m2 footprint. Ore is transported via diesel-powered LHDs to a series of 
ore passes, then via loading chutes to a rail haulage system, which delivers the ore to a four-gyratory 
crusher complex. Crushed ore is transported to the mill stockpiles via dual inclined conveyors. 

The primary access for men & materials will be via the 6-kilometer long AB Adits rail system, which will 
also function as a gravity drain for the mine. Development of the AB adits was initiated in 2004 in order to 
access and develop the GBC mine in time for the open pit completion. A service shaft will hoist men and 
materials from the AB adits level to the various operating levels. Ventilation is provided through a series of 
large intake and exhaust drifts. Development of the initial pair of vent drifts was initiated in 2006. Other key 
facilities include an underground concrete batch plant, and a pumping system capable of collecting the 
approximately 20,000 gpm of groundwater discharge and delivering it to the mill as part of the required mill 
water supply. 

1 Introduction 
This paper summarizes the key design parameters of the Grasberg Block Cave Mine, based on the Feasibility 
Study that was completed in late 2007. That study is essentially is an update of the mine design from the 
2003 GBC Prefeasibility Study, which was presented at MassMin 2004 in Santiago (Brannon, et al., 2004). 
At that time the portals for the “AB Adits”, the planned primary access to the GBC, were just being 
constructed. Thus development of the GBC had essentially begun some twelve years before the projected 
initiation of caving of the deposit, and about eighteen years prior to achieving full production. 

The two currently active mining operations in the Grasberg (aka Ertsberg) Mining District are the Grasberg 
open pit (190 ktpd ore) and the DOZ-ESZ block cave mine (60 ktpd, currently ramping up to 80 ktpd). After 
the pit is concluded in 2016, production from the district will be entirely from underground, and the Grasberg 
block cave mine will be the primary source of mill feed. 

The Grasberg final pit will be some 2.5 kilometres in diameter and the final pit slope length will exceed one 
kilometre. This huge final pit geometry is expected to have a significant influence on the block cave as it is 
developed (Wellman, et al., 2008). Figure 1 is a snapshot of the projected final Grasberg pit and surrounding 
topography, showing the planned underground workings and estimated final cave shape.  

A project of this magnitude has presented many design challenges that need to continue to be fully explored 
as development proceeds. Some of those key challenges to designing and constructing a rock factory that can 
produce such a large volume of material from a single mine are discussed in this paper. 
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Figure 1 Snapshot of Grasberg final pit and underlying block cave mine. 

2 Geology, Hydrology, and Reserves 

2.1 Geology 
Grasberg is a porphyry copper-gold deposit with many similarities to other porphyry deposits of the region 
(MacDonald and Arnold, 1993). The Grasberg Igneous Complex (GIC) is a multi-stage dioritic intrusion 
emplaced into the centre of a volcanic breccia complex that flares near the surface. The GIC is about one 
kilometre in diameter at the depth of the proposed extraction level and is about two kilometres in diameter at 
the original surface. The mineralization extends more than 1,600 meters vertically, from the 4,300 meter 
elevation at the original surface to at least the depth of 2,600 meters. Width of the mineralization ranges from 
about 200 meters to over one kilometre. Copper and gold grades are highest near the centre of the deposit, 
adjacent to a low-grade core, the Kali Intrusive. 

The central Kali intrusive phase forms an +/- 100 meter-wide septum of poorly mineralized rock that cuts 
through the otherwise roughly cylindrical GIC, resulting in a horseshoe-shaped ore footprint in plan view. 
The Kali intrusive was not subjected to the alteration and fracturing events as was the remainder of the GIC, 
and thus the Kali comprises a unit of generally very good ground. The Kali extends beyond the boundaries of 
the GIC, and therefore most of the major fixed facilities for the mine are planned to be constructed within 
that Kali unit but well outside of the footprint of the orebody. 

On the margins of the GIC is an irregular zone of massive pyrite with minor magnetite and chalcopyrite, 
termed the Heavy Sulphide Zone (HSZ). This zone is up to one hundred meters thick and portions of the 
HSZ are included in the block cave reserve. Part of the scope of the feasibility mine design study was to 
determine options for handling those pyritic portions of the orebody. 
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2.2 Ore Reserves 
The diluted mineable reserve established for the feasibility study is 983M tonnes @ 1.06% copper, 0.85 g/t 
gold, and 3 g/t silver (as of January, 2008). The reserve was established using the PC-BC© block cave 
planning software. PC-BC simulates the block caving process and produces a schedule of predicted mined 
tonnes and grade (Diering, 2000). The cut-off grade (assuming $1.20/lb Cu, $450/oz Au, and $7.50/oz Ag) 
was roughly 0.70% copper equivalent (value of gold and silver calculated as copper percent). 

Predicting impact of dilution on reserves is a difficult aspect of block cave reserve development, particularly 
beneath a large open pit whose pit slopes will certainly continue to fail throughout the caving process. 
Basically the process employed was to make an estimation of where pit failures are most likely to occur, 
based upon the progression of the cave, structural controls, orientation of the cave face relative to the HSZ 
and pit wall orientation. A series of pit failure geometries were created, the grade of those failure solids 
determined, and then a second series of solids were created that represented the fill material in the bottom of 
the open pit. Then the PCBC schedules were run with this re-distribution of material so that the pit failure 
material would be introduced into the draw column as dilution. 

2.3 Hydrology 
The Feasibility groundwater flow model was in progress at the time of this writing. Based upon the 
Prefeasibility Study, passive inflow to the cave is predicted to peak at about 1,500 lps, at the time of ultimate 
cave and cracklines, and in particular when the cave has broken through the HSZ into surrounding karstic 
limestone. Direct precipitation into the cave comprises approximately 500 lps of the total; the remainder is 
primarily from major structures or certain limestone units susceptible to karst formation. 

The water inflows into the GBC will capture a significant portion of the existing water flows used for the 
mill water supply. Those water sources currently flow by gravity to the mill from existing drifts that will be 
destroyed by the GBC. Therefore the GBC Feasibility design incorporated a drainage level and a major 
pumping facility to return those inflows back up 220 vertical meters and three kilometres horizontally to the 
mill. The Drainage Level pump station comprises twin vertical sumps feeding four banks of four-745 kW 
centrifugal slurry pumps connected in series.  However, should those pumps fail, the mine would not flood 
as gravity drainage via the lower AB Adits is available. 

3 Geotechnical Studies 
The geotechnical discussion of the block cave geotechnical design and the cave-pit interaction is discussed in 
more detail in Wellman, et al. (2008). 

The transition of the open pit to the GBC is unprecedented in mining case history, when considered with 
respect to the Grasberg final pit geometry, 160 ktpd mining rate, geometry of the block cave reserve, 
geometry of the proposed active cave fronts and proposed development schedule. 

Caving of the GBC will initiate slope instability in the Grasberg Pit, therefore mining operations will have to 
be halted in the pit before drawing of ore from the GBC commences. 

Eighty percent of the Rock Mass Rating (RMR) values are less than 60, and this was chosen as the design 
value for the GBC analysis. Each of the mining production blocks has sufficient hydraulic radius to initiate 
and sustain caving as an independent cave. The estimated hydraulic radius for sustained caving is 40. 
Assumed draw rates range from 0.13m/day during the initial 100 meters of column height, up to 0.30m/day 
at greater than 200m of column height and averaging about 0.20m/day. 

Fragmentation is expected to be coarser than the currently operating DOZ-ESZ ore but finer than later 
sections of the DOZ-ESZ, so experience gained in mining coarser portions of the DOZ-ESZ will assist in 
refining the GBC fragmentation and hang-up predictions. In general, primary fragmentation of the GBC will 
be coarse, with roughly sixty percent of the tonnes being in blocks greater than two cubic meters. The 
secondary fragmentation curves indicate that at greater than 250-meter column heights, thirty percent of the 
tonnes will have a volume greater than two cubic meters. 
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The potential for rockburst does exist, particularly on the north and south fringes of the deposit, based on 
high-stress concentrations estimated by the overlying topography. Additional studies including FLAC 3D 
modelling are ongoing to better understand the stress conditions and rockburst potential. 

Average uniaxial compressive strength of the ore is about 100 MPa, with variation in values depending on 
mineralogy and alteration between 90 and 120 MPa (Srikant and Nicholas, 2003). In-situ stress 
measurements indicate that the GBC intrusive rock units are near hydrostatic loading conditions, in the range 
of 20 MPa. Forward FLAC3D modelling of the final pit configuration and the mining sequence predict that 
high horizontal stresses will be encountered at the undercut, extraction, and haulage level. This is a result of 
high stresses developing around the pit (Under rock-cut slopes exceeding 1km in height at 42 degree-plus), 
and the regional stress field. 

Part of the stress issue is related to the geometry of the production blocks, the fact that the cave fronts remain 
static between production blocks for extended time periods and the sheer size of the cave fronts. Sustained 
production rates of 160 ktpd require about 1,100 active drawpoints, so these are very large mining blocks. 
Work is ongoing at the time of this writing with regard to the stress issues for the GBC to optimize the 
drawpoint opening sequences as well as the geometry of the production blocks, to mitigate the stress issues 
to every extent possible. 

4 Mine Accesses 
The current status of the access and logistics system for the GBC is discussed in more detail in Hewitt, et al. 
(2008). The GBC extraction level is designed at the 2,815 meter elevation. The primary access to the mine 
will be via twin adits, each six kilometres in length, which will be developed from surface at the 2,500 meter 
level (Figure 2). The tunnels are named the Ali Boediardjo (AB) Tunnel system. Due to the long lead-time 
for development of the AB adits, development was initiated in early 2004 so that the adits could reach the 
base of the mine by 2008 when mine infrastructure development is scheduled to begin. The AB adits 
advance have reached five kilometres into the mountain (as of September 2007) and expected to reach the 
first switch of the Grasberg Rail Terminal area by December 2007. 

The adits will be fitted with an electrically powered rail haulage system that will deliver manpower and 
materials, and haul waste for the planned mining operation. The adits will also provide reliable gravity 
drainage of groundwater, ventilation, and service and maintenance lines. 

A secondary access drift (“CI3 Drift”) is in progress as well, designed to reach the area of the proposed 
hoistworks for the service shaft by mid-2008. The CI3 drift is being driven from existing workings on about 
the 3,000 meter elevation. The intent is to connect this upper drift with the lower AB adits at the GBC rail 
terminal, via raises or boreholes, in order to provide flow-through ventilation, drainage of the upper area, and 
muck handling so that mine infrastructure development can begin. 

Completion of this secondary access will provide somewhat limited ventilation quantities for development 
due the restricted cross section of connecting drifts. Therefore, development of the first pair of the main 
ventilation drifts, roughly each three kilometres in length and with 6.5m x 9m cross sections, has been 
initiated as well and expected to be completed in approximately mid-2009. At that point sufficient ventilation 
will be available for the full-scale mine development to get underway. 

Primary man and materials access to the GBC mine is through the GBC service shaft, a concrete-lined, 8.5 m 
diameter circular shaft extending from the AB Adit Grasberg terminal at 2,535 m elevation to the floor of the 
service shaft hoist room at 2,848 m elevation. The service shaft hoisting plant consists of an AC-powered, 
2,600 kW, 4.6 metre diameter, three-drum winding hoist, with two drums providing a Blair multi-rope 
(BMR) headrope arrangement on the cage side, and the third drum for the single counterweight rope. The 
cage has two fixed decks and can accommodate a 40-tonne payload. The two-deck arrangement is for 
hoisting men, transporting 225 miners per trip. Hoisted materials are carried on pallets, on flat-packs, or in 
specialized containers for hoisting aggregates and cement. These transport devices are off-loaded from AB 
train flatcars and loaded onto shaft dolly cars for delivery to the various mine levels. 
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Figure 2 Perspective and plan views of the GBC, showing the AB Adits access to the mine. 

5 Mine Design 
The GBC mine will be a mechanized block caving operation with a planned peak production rate of 160,000 
tonnes per day. Undercutting is initiated in 2016, peak production is forecast by 2023, and closure estimated 
in about 2037. Simulations utilizing the Arena© software program were performed to confirm production 
capacity, production and secondary breakage equipment requirements, ore haulage, and requirements for the 
AB adits to handle all development activities. A number of bottlenecks and design issues were identified 
from the simulation work, requiring modifications in design from the Prefeasibility Study.  Section 5 briefly 
describes the design and operation concepts. 

5.1 Level Description 
The Extraction Level (2815m) is an “El Teniente” style layout; spacing of the panel drifts is 30 meters with 
drawpoint spacing of 20 meters (Figure 3). The mine layout is a very large footprint with a diameter of about 
one kilometre (700,000 m2) that contains nearly 2,400 drawpoints. The overall footprint is divided into four 
Production Blocks, each about 260 meters wide. The El Teniente pattern was chosen for GBC because it 
promotes rapid development and establishes regularly shaped rhombohedral pillars that improve 
geomechanical stability. The El Teniente design also allows the use of “intermediate fringes” by employing 
drawpoint drifts as fringe drifts until drawbelling closes off a particular drawbell / fringe. Every panel section 
contains an orepass and a vent raise, located in adjacent pillars at the boundary of the production blocks. 

The Undercut Level (2835m) utilizes a flat, room and pillar undercut system as the base case for the 
feasibility study, although studies are ongoing to select the final undercutting method to be employed. 

The Ventilation/Service Level (2785m) is primarily a ventilation plenum for the levels above and below. It 
also serves as a service access to the tops of the Haulage Level chutes, the bottoms of the orepasses leading 
from the Extraction Level, and for rubber-tired Haulage Level development equipment to bypass rail haulage 
loops that are already in operation.  

Ore is transported from the train-loading chutes to the crushers through the Haulage Level (2775m), 10 
meters below the Ventilation / Service Level. The Haulage Level is laid out in four major one-way loops, 
with one loop servicing each production block. Within the production block footprint, double headings 
provide access for pulling chutes and for simultaneous construction of train-loading chutes as production 
block orepasses are activated. A total of 106 chutes are installed over the life of the mine, feeding four 
crushing plants at full production. The double track in the train-loading areas is required to accommodate  
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construction and haulage activities simultaneously, due to the GBC’s “centre-out” production block 
development approach. 

Ground water reports to the mine via dewatering holes and meteoric water by infiltrating through the cave. 
The total mine water flow eventually reaches the Drainage Level (2750m) through a series of drain holes. 
Mine water is collected on the Drainage Level and directed into the mine pump system, from which it is 
pumped to surface at the Amole portal, where it is collected and sent on to be used as mill process water. 

The AB Adit – GBC Terminal Level (2535m) servicing the GBC is a multi-heading installation providing a 
broad range of services to mine development, construction, and operations groups. The terminal is at the 
underground end of the AB Adit’s GBC spur, some 6 km from the surface portal. It is the terminus for AB 
Adit rail operations and the bottom station for the GBC service shaft. 

5.2 Caving 
The cave initiation approach uses a flat undercut, which is essentially a large, single-cut room-and-pillar 
stope, 4 m in height, taken over the entire mineable footprint area. PTFI selected an advance undercut 
approach, with the leading edge of the undercut a minimum of 20 m ahead of drawbelling on the Extraction 
Level. The advance undercut allows development of drawbells in rock through which the cave’s abutment 
stresses have already moved. Flat advance undercutting is done by drilling and blasting the pillars between 
undercut drifts and laterals driven in a rectangular pattern on the Undercut Level. The major and minor 
drawbell apices are formed by the drawbell blast, rather than shaping the major apex primarily from the 
undercut, as is done in crinkle-cut undercutting. 

Trade-off studies continue on the pros and cons of the flat undercut versus the crinkle-cut undercutting and 
the final mine design may well revert to the crinkle-cut that has been very successful at the DOZ-ESZ mine. 

Undercutting is initiated in late 2015; active drawpoint production is initiated in 2016 after the open pit has 
ceased operations. Maximum drawbell opening rates are eight drawbells per month; maximum draw rates are 
0.20m per day. The plan assumes that the cave will be developed in two separate areas simultaneously. The 
sequence has been designed to maximize grade and minimize dilution effects from the toppling of the pit 
material. Figure 4 shows the generalized undercutting sequence, by two-year periods, utilized for this study. 
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Figure 4 Generalized mining sequence; production blocks and years of active undercutting. 
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5.3 Ventilation 
The GBC area will be supplied and exhausted with air via primary intake and exhaust drifts. These drifts will 
portal close to existing adits elevations of about 3,000 meters. Four main intake and four exhaust drifts, each 
sized at 6.5m x 9m, are required to facilitate the total estimated airflow of approximately 2,000 m3/sec, 
powered by four main fans; one fan installed in each of the four exhaust adits near their portals. The mine 
uses a negative pressure system, pulling air through the mine rather than forcing it in from the intakes. Each 
main exhaust fan motor is rated at 2,200 kW. 

The GBC ventilation system is extensive and complex, and must be implemented and evolved so as to 
provide adequate mine ventilation at all stages of mine development and production. Details of the proposed 
ventilation system are in the MassMin 2004 proceedings paper by Duckworth (2004). 

Airflow is delivered and exhausted via connecting raises from ventilation service drifts on the 2790m service 
level. This allows the full width of the footprint to be segmented into five separately ventilated zones. The 
undercut level will be discretely ventilated via two ventilation drifts to be driven across the undercut level 
prior to caving. 

Diesel LHDs replace electric units proposed in the Prefeasibility Study. This measure arises from adoption of 
the El Teniente drawpoint layout, which is not amenable to electric LHDs. This decision simplifies in-panel 
LHD operation, but necessitates a larger ventilation volume than electric LHDs would, on a per-machine 
basis. This change is offset somewhat by using fewer, larger LHDs, and increasing panel drift sizes. 

5.4 Ore Handling 
The GBC ore handling system consists of primary and secondary crushing plants receiving run-of-mine ore 
from Haulage Level trains and delivering 50mm-minus crushed product to the conveyor system. Crushed ore 
is transported up 3-km long incline twin 1.8m wide conveyors to the surface mill complex. Ore is delivered 
to the haulage level by a series of 4.0m diameter bored raises; the material will pass through the grizzly, with 
a 1.0m opening, to the haulage level. Trains load ore from the Haulage Level chutes and transport it to dump 
pockets situated above each of the four primary crusher stations. Trains are made up of twenty-four 20 m3 
bottom-dump muck cars, driven by two 40-tonne electric locomotives, one connected at each end of the 
train. Six trains are required to maintain full production at 160,000 tpd. There are four independent crushing 
plants feeding two main conveyors via a series of feed conveyors and cruiser chutes. Figure 5 is a schematic 
of the ore flow design. 

Trains Dump to ≈1,000t Pocket

FFE UD 60x89 Gyratory Crusher

1,600t Crushed Ore Bin

2.4m Apron Feeder

12 x 27 Vibrating Screen

FFE XL1100 Cone Crusher

Discharge Conveyor

Cruiser Chute Diverts/Splits Flow

Feed Conveyors

2775/L – 2690/L  

Figure 5 Schematic view of the GBC ore handling system. 

5.5 Power Distribution System 
The proposed GBC electrical distribution network is fed from a 34.5 kV, 3-phase, 3-wire system utilizing 
high resistance grounding and configured as a loop feed. The system is designed to handle approximately 85 
MW (full production load) with redundant power feeds throughout the mine. The underground electrical 
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system is fed from surface sources, through the ventilation drifts to the mine levels, and then down the main 
shaft to the AB Adit Level. From the AB Terminal, power then feeds up through the conveyor galleries and 
back to the surface plant. The loop configuration provides redundant feed to every major power load. If a 
primary feed cable or component fails, power is routed from the opposite end of the loop. 

Major electrical loads include ventilation fans, main pumps, primary and secondary crushing plants, the 
Service Shaft hoist, the mine rail haulage system, and the main ore flow conveyors, all of which are located 
underground as much as 6 km from the GVD portals where power enters the mine. With the exception of the 
mine hoist, which is a large, variable, cyclic load, most of the planned loads are normally continuously 
operated with little variation. 

5.6 Production/Development Simulation 
Simulations utilizing the Arena© software program were performed to confirm production capacity, 
production and secondary breakage equipment requirements, ore haulage, and requirements for the AB adits 
to handle all development activities. The results to achieve a daily production rate of 160,000 tonnes per day 
produced the following requirements: 

• 41 operating LHDs (17T) 

• 1,100 active drawpoints 

• 6 low hang-up drills 

• 32 mobile breaking units 

• 6 haulage trains consisting of 24 cars of 20 tonnes per car 

• Four 60” x 89” crushers 

The simulation runs incorporate the fragmentation predictions for the mine, drawpoint hang-ups, and 
drawpoint oversize. Estimated frequencies of hang-up or oversize events simulate secondary breakage 
activities. Maximum numbers of equipment are allowed in a panel drift at a given time, and interference with 
the LHDs is taken into account. 

Similarly, the rail haulage was simulated to confirm production capacity. Although there are additional 
investigations required to further evaluate and optimize design of the rail haulage system, the model shows 
that the required tonnes per day production capacity can be achieved. 

6 Summary 
Grasberg clearly has the reserves, footprint size and drawpoint column heights to sustain production rates of 
160,000 tpd. However, the scale of the proposed operation is in many ways beyond any other mining project 
currently existing in the world. Many aspects of this mine design are aptly labelled “world-class”, but the 
mine plan as currently developed is essentially based on current technology.  Many of the design parameters 
are based upon experiences gained during successful development of the DOZ-ESZ block cave mine as the 
mine achieved 60 ktpd and more will be learned as the mine ramps up towards 80 ktpd. The actual 
construction and operation of a single mine with those dimensions will present numerous significant 
challenges that will be thoroughly explored as the mine detailed design and development progresses. 

Probably the biggest challenges for the GBC are geotechnical in nature, including the design of the geometry 
and caving sequence and the transition from the huge open pit to the block cave.  This is where the mine 
design is in unchartered territory, but managing these challenges is absolutely fundamental to a successful 
operation.  As large as the GBC is, a functional mine infrastructure can be designed to handle 160,000 tpd. 
But it takes a sustainable cave that can be managed so that the mining infrastructure can weather the impact 
of the caving process in order to sustain the high production rates. As more is learned about the geotechnical 
design requirements for this large of an operation, the mine infrastructure design will undoubtedly continue 
to evolve in reaction to that cave design. Freeport’s underground team will continue to strive to improve the 
mine design, so that when the Grasberg Block Cave is constructed it will carry on the tradition of mining 
excellence and engineering achievements that have been Grasberg District trademarks of the block-caving 
operations, today and in the past. 
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Abstract 
Bingham Canyon Mine, located south of Salt Lake City, Utah, is wholly owned and operated by the 
Kennecott Utah Copper Corporation (KUCC), a subsidiary of Rio Tinto. Open pit mining at Bingham 
Canyon began in 1906. Current ore production from the open pit is approximately 158Kt/d; the total amount 
of material moved is near 400Kt/d. Without additional push-backs, current life of mine reserves has the open 
pit mine life ending around year 2019. However, there is still significant known mineralization and other 
exploration targets that remain available outside the current pit design. 

Rio Tinto and KUCC commenced a study in 1997 to investigate the potential for bulk underground mining at 
Bingham Canyon. Since then, five (5) potential bulk mineable targets have been identified along with several 
other exploration targets. Potential block cave targets include; Northeast, Southeast, and Southwest caves 
(NEC, SEC, SWC), North Rim Skarn (NRS) and the Highland Boy (HB). Approval was granted for a pre-
feasibility study in the fourth quarter of 2006. Currently, the study involves pit push back options, 
underground caving options, and combinations of the two. Combined production from the three key 
underground areas (NEC, SEC, and NRS) is proposed at 109Ktpd. 

1 Introduction 
The Bingham Canyon copper-gold-molybdenum porphyry deposit is located in the Oquirrh Mountains 
approximately 30 km southwest of Salt Lake City, UT, USA (40° 31’N, 112° 09’W). The current open pit 
mine is the largest man-made excavation on Earth with a depth of over 900m and a diameter of 
approximately 3.5km. Discovery of the district occurred in 1863; underground mining of the higher grade 
Au, Ag, Pb, Zn skarn and replacement deposits occurred soon after the initial discovery and has been 
intermittent with the last underground production in the area ending in 1981 (Anaconda’s Carr Fork mine). 
Utah Copper began large scale surface mining of the copper porphyry in 1906. Kennecott’s acquisition of the 
porphyry deposit started with a minor interest in the Utah Copper Company in 1915; this grew to full 
ownership of Utah Copper by the mid-1930s, and finally the whole district by the mid-1980s under the Rio 
Tinto Group. 

In 2007, Kennecott Utah Copper produced 265,623 tonnes of refined copper, 13,520 tonnes of molybdenum 
product, 16 tonnes of gold and 136 tonnes of silver. Current pit material movement is around 158 Kt/d ore 
and 240 Kt/d of waste. Ore is hauled to an in-pit crusher then transported 6km, via conveyor, to the 
Copperton Concentrator where both a copper concentrate and a molybdenum product are produced. The 
molybdenum product is shipped offsite to customers while the copper concentrate is pumped to the smelter 
where it is filtered, dried and then smelted using flash smelting and converting furnaces. The smelting 
process produces copper anodes which are taken to the refinery where electrolytic processing produces 
finished copper. 

In a ranking of the top 25 copper porphyry deposits (Cook et al., 2005) on copper content, Bingham Canyon 
ranked seventh (fig 1). On a ranking of the top 25 copper-gold porphyry deposits Bingham Canyon would 
move to second behind Grasberg. Using the same data and ranking the deposits on the value of the total 
contained metal (Cu at $7,000/t, Au at $21.702/g, and Mo at $67,500 /t), the Bingham Canyon deposit would 
rank fifth among the top 25 deposits (fig 2). 
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Figure 1 Top ranking Copper porphyry deposits based on copper content (Cook et al., 2005) 
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Figure 2 Top ranking copper-gold porphyry deposits based on total metal (Cu, Mo, Au) value 

When the pit reaches its currently planned limit in 2019, an estimated 2.8Bt of ore will have been mined 
from the pit. At that time, a significant amount of mineralization will remain outside of that final pit. The 
priority of the Pre-Feasibility Study currently underway is to determine the feasibility of: 

• open pit expansion options 

• underground mining options 

• combinations of open pit and underground 

• closure 

Rio Tinto and Kennecott Utah Copper (KUC) commenced the current phase of studies in 1997 to investigate 
the options for resources outside of the currently planned pit life. The study indicates that either surface or 
underground options or a combination of the two are viable but the options must advance to the pre-
feasibility level and a pre-feasibility study (PFS) must be completed soon so the chosen option will be able to 
maintain production. Expectations are that the open pit pre-feasibility studies will be completed in 2009 and 
underground studies will be completed in 2013. 
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2 Geology 
The Bingham Canyon district is centred on a large, strongly zoned copper-gold-molybdenum porphyry 
deposit with proximal copper-gold skarns and more distal lead-zinc-silver replacement deposits. The deposit 
is centred on an Eocene aged intrusive stock (Bingham stock) composed of four nested igneous bodies and 
dikes and one minor mafic dike spanning an age range of approximately 33 to 38 Ma. The four igneous 
bodies are (in order of emplacement) monzonite (MZ), quartz monzonite porphyry (QMP), latite porphyry 
(LP), and a quartz latite porphyry (QLP). These igneous bodies were intruded into a thick sequence of 
Middle to Upper Pennsylvanian inter-bedded carbonate (LS) and quartzite (QZ) sediments that make up the 
Butterfield Peaks and Bingham Mine Formations. 

2.1 Structure 
Regionally the district is situated on the Uinta Axis about 20km west of the Wasatch Line. The Uinta Axis is 
an east-west trending structure along which local Eocene igneous activity is centred. The Wasatch Line 
separates the Basin and Range province on the west from the Colorado Plateau province to the east. In the 
Bingham district, pre-intrusion structures consist of folding and faulting of the sedimentary rocks. The Midas 
thrust fault is a major structure exposed just northeast of the pit and dips southward beneath the present mine. 
This thrust pre-dates intrusion of the Bingham Stock and separates the resource model into upper plate and 
lower plate units. Most of the resource is in the upper plate, with a majority of the skarn/replacement ore in 
the lower plate. The upper plate rocks host a series of northwest trending synclines and anticlines. The 
current open pit mine lies south of the trace of the Bingham syncline (fig 3). The lower plate is dominated by 
north trending inclined to overturned antiforms (Tiewaukee/Copperton) that are cut by high angle faults 
(Smelter and Verona) that appear to pre-date the Bingham Stock. In the lower plate, the Jordan and to a 
lesser extent the Commercial limestones host the skarn/replacement resource. The Smelter and Verona faults 
become important in planning the extraction of skarn/replacement ore because of their displacement of the 
host limestone beds, their constraint on hydrologic conditions and impact on the design and development 
schedule of proposed underground workings. 

 

Figure 3 East –West geology cross section of the Bingham district (Babcock et al., 1997) 

Pre-existing faulting in the orebody is clearly evident in the lead-zinc-silver vein system including, for 
example, the Last Chance and Rough Wrestler fissures just south of the main copper ore body. These, 
together with recent movement on the northwest trending faults such as the Copper Centre and Giant Chief 
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faults, extend into the copper zone and may be important geotechnical considerations for the planning of 
development to access the block cave areas. 

2.2 Mineralization 
A general description of mineral zonation for the deposit is a rind of higher grade Cu mineralization 
surrounding a low-grade Cu core. This low-grade Cu core forms part of the Molybdenum zone. The Cu and 
Mo zones are flanked to the north and northeast by Cu-Au skarns. Gold is generally closely associated with 
the copper zone. A good analogy of the mineralized zones of the Bingham copper-gold-molybdenum 
porphyry resembles the shape of several nested “inverted tea cup(s)” (Babcock et al., 1997) with multi-
furcating root zones. It is these porphyry root zones that form most of the block cave targets (fig 4). 

 

Figure 4 Cu and Mo zones with the current pit, view looking south 

3 Hydrology 
Hydrology plays a key role in many aspects of the designs, including cave-pit slope interactions, 
underground excavation stability, management of mud rush hazards and dewatering designs. A number of 
additional piezometers were installed in 2006 and 2007 to improve the hydrological data coverage. In 2007, a 
regional scale 3D groundwater flow model was commissioned. This model will provide a calibrated baseline 
from which to model mining options and better understand and address their potential impacts. 

4 Geotechnical 
The complex geological setting of the underground mining resources results in an equally complex 
geotechnical environment. The underground studies have involved a large amount of data collection, and the 
application of a combination of well established empirical methods and computer based modelling 
techniques. 

4.1 Geotechnical Data 
From the commencement of the Phase 1 studies in 1997 to the writing of this report, over 160 km of new 
diamond drilling in the Bingham Canyon Mine have been geotechnically logged. Many of the drill holes 
were focused on the identified underground targets. In the same period, a suite of strength tests from drill 
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core were conducted on all the major geological units. Testing included over 500 unconfined compressive 
strength (UCS) tests, 500 tensile strength tests, 300 triaxial tests and 250 direct shear tests. 

Pit wall geotechnical mapping is conducted on a continuous basis as mining progresses. So far, over 15,000 
individual oriented structures, including faults, joints and bedding, have been measured along 44 km of 
bench exposure. Beginning in 2007, key intervals of diamond drill holes were logged with a down hole 
Acoustic Televiewer (ATV). This tool allows in situ measurements of discontinuities even where the core 
condition is too poor for traditional measurements. All this detailed fracture characterisation feeds into many 
aspects of the block cave and pit push-back design work. 

4.2 Rock Mass Characterisation 
The primary geotechnical domains have been defined as the major lithological units. The approximate 
proportions of the main lithologies in each mining area are shown in Table 1. The average intact strengths (as 
derived from the current dataset) of these rock types are reasonably similar; the main differences arise in 
discontinuity properties and alteration. 

Table 1 Distribution of geological units in underground mining options 

CAVE MZ QMP QZ QLP / LP SKARN / 
LIMESTONE 

NE 28% - 49% 13% 10% 

SE 89% - 5% - 6% 

NRS - - - - 100% 

HB 29% 38% 8% 3% 22% 

SW 100% - - - - 

Average UCS 54 MPa 65 MPa 88 MPa 75 MPa 78 MPa 

 

A zone of argillic alteration has been identified within the intrusive sequence that degrades the intact rock 
strength considerably. In its most extreme form, the alteration may cause rock to decompose in a matter of 
hours when exposed to air and water. 

Discontinuity orientation is variable within the intrusive units. Usually the sedimentary units have three 
orthogonal joint sets, the set orientations varying with bedding orientation (KUC, 2006). Proximity to fold 
structures causes an increase in the degree of fracturing in the sediments. The quartzite is often micro-
fractured, weakening its intact strength. Major faults (e.g. Smelter Fault) within each proposed mining area 
are modelled explicitly. 

To capture the variability of the geotechnical domains, a geotechnical block model was prepared in 2007 
(Howson, 2007). The model used multiple indicator kriging to estimate the distribution of key geotechnical 
parameters within each model block. Some of the parameters modelled were RQD, fracture frequency, Q’ 
(and its constituents Ja, Jr, Jn), RMR and intact rock strength (IRS). 

4.3 Geotechnical Modelling 
Fragmentation estimates conducted with Block Cave Fragmentation (BCF) software predicted generally fine 
fragmentation in the quartzite and monzonite, with very similar fragmentation curves and an average primary 
block size of less than 0.35 m3. In contrast, the competent skarn units (Golder NSK labels, fig. 5) have a 
predicted primary block size of approximately 6m3, and a much coarser curve, as shown in Figure 5 (Golder 
Associates, 2003). In 2007, preparation began of discrete fracture network (DFN) models that will be used to 
refine the fragmentation predictions for the next stage of the pre-feasibility study. 
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Figure 5 Fragmentation Prediction Curves (Golder Associates, 2003) 

Modelling of the current underground mining options is underway using FLAC3D software to simulate pit-
cave interactions and cave-cave interactions in the NRS and NE cave area. The outcome of this modelling is 
crucial to the planning of the underground transition; the results of the work are expected in 2008. 
Caveability assessments using both Laubscher and Matthews empirical methods show that in the various 
geological units, a minimum Hydraulic Radius (HR) between 5m and 30m is required for continuous caving. 
The hydraulic radii of the underground porphyry mining footprints are at least twice as large as is necessary 
to initiate caving even in the strongest rock. In the NRS, the footprint HR is only somewhat larger than 
required for caving, and it contains both the strongest rock mass in the area (garnet skarn) and the weakest 
(unconsolidated massive sulphides). While it is probable that caving will occur, a large portion of the 
footprint may have to be opened to initiate it (KUC, 2006).  

FLAC3D modelling was also used to predict the evolution of stress on the extraction levels and assess the 
stability of the drawpoint pillars. The maximum induced vertical stresses near the cave front are estimated at 
30 MPa. Although this stress is relatively low, the rock mass strength is sometimes low enough, particularly 
in the NE cave around the Smelter and Verona faults, that abutment loading may cause pillar distress (Golder 
Associates, 2003). General ground support designs are based upon a matrix of functionality (long vs. short 
term), expected stress loading, and estimated Q’. 

5 Studies 
Studies as far back as the early 1980’s have focused on pursuing the underground potential of the Bingham 
district; the latest round of studies focusing on both the porphyry and skarn targets began with phase 1 in 
1997. Phase 5 of the study was completed near the end of 2003. An order of magnitude study (OoM) was 
completed in late 2006; this OoM indicated that both surface and underground options identified should 
progress to the pre-feasibility (PFS) stage. 

In 1983 the focus was on the smaller, higher grade skarn/replacement deposits and a 6m diameter; 940m 
deep exploration shaft (NOS) was completed to access the North Rim Skarn (NRS) for further testing. In 
1993 McIntosh Engineering prepared a cost study for a 9kt/d underground operation. With the poor metal 
prices at that time the project was put on hold and by 1998 the exploration shaft was capped and the area was 
used for waste rock dumping. Exploration drilling continued from surface and by the time the OoM study 
commenced there were five major underground targets along with three pit push back options (fig. 6). 
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Figure 6 Location of OoM cave footprints and open pit pushback sectors 

Currently, operations are underway to recover and rehabilitate the NOS shaft and perform additional drilling 
in the NRS. An additional 4600m of drifting will also facilitate testing of ground conditions in the NE cave 
area and the Smelter and Verona faults. The PFS will focus on underground operations in the northeast (NE 
and NRS caves) and push backs in the south and Highland Boy sections. 

6 Design 
Design and scheduling work for the underground portion of the PFS is focused on the NE and SE caves and 
the NRS cave (fig. 7 and 8). Due to the location of the NRS in relation to the pit, underground production is 
scheduled to start from the NRS while mining continues in the pit, with production ramping up to 15.5kt/d 
after four years. Approximately 54Mt of production is expected to come from the NRS. Production from the 
NE cave starts once mining in the pit has ceased. NE cave production is scheduled to ramp up to a rate of 
54kt/d over 4 years. The SE cave will start production several years after the NE cave and will build to full 
production (36kt/d) over a four year period. Underground mining is expected to last for approximately 20 
years. Total lateral development for the three caves is over 240km. Total vertical development is over 16km. 

6.1 North Rim Skarn Cave 
The NRS is designed as an inclined cave much like the Cassiar Mine in British Columbia, Canada. The 
design layout is similar to that of a Sublevel Cave. For the North Rim Skarn, in the areas having a 45° dip, 
the drawpoint spacing is 15m as is the inter-level spacing. In the steeper areas where the orebody dips at 60°, 
the drawpoint spacing remains at 15m however the inter-level spacing is increased to 23m to ensure adequate 
separation between the draw column of the drawpoint below and the drawpoint above. Where the orebody 
flattens out, near the top and bottom of the orebody, offset herringbone drawpoints are planned. Each level 
will have a footwall perimeter drive from which the extraction drives will be constructed. This drive will also 
provide connections to the ore handling and ventilation systems. In all there are 32 sublevels containing 985 
drawpoints. Heights of draw range from 25m to 150m with an average column height of 75m to 80m. 
Column heights tend to increase towards the northeast and towards the centre of the ore body. 
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Figure 7 Location of NE, SE and NRS caves; grid is 762m x 762m 

6.2 NE and SE Cave Production Levels 
The NE and SE caves (NEC and SEC respectively) are designed as conventional block caves with a flat 
footprint. The NEC has a footprint of 420,000m²; the SEC has a footprint of 175,000m². On the extraction 
level, a common drawpoint spacing of 13.7m x 13.7m is used for both caves. An offset herringbone layout is 
used to facilitate the use of electric LHDs. Column heights range from 120m to 500m (300m avg.) in the 
NEC and 180m to 500m (350m avg.) in the SEC with the highest columns to the north and east (following 
the pit highwall). In the NEC, 1918 drawpoints will service approximately 270Mt of ore. The SEC will 
contain 730 drawpoints for approximately 150Mt of ore. An assessment of production rates has suggested 
that draw rates will ramp up from an initial 76mm/d to 250mm/d over a 12 month period. This 250mm/d rate 
will continue until “breakthrough” is achieved. The initial production rate assessment stated that 
breakthrough was achieved when half of the drawpoints have broken through to surface. Since this initial 
review, the number of drawpoints and heights of draw have increased so the production rate assessment will 
have to be readdressed. The initial assessment also proposed a maximum draw rate of 350mm/d after 
“breakthrough” is achieved. 

The undercut level is located 15m above the extraction level, undercut drifts are 4.2m x 3.7m with an arched 
profile. An advanced undercut strategy will be used utilizing a narrow inclined undercut geometry much like 
Palabora and Northparkes Lift 2. A straight profile has been selected for the undercut front for both caves. 
The undercut will be initiated in the north for the NEC and progress to the south. In the SEC the front will 
start in the southeast and move towards the northwest. These caving directions were selected after a risk 
assessment was preformed on the choices based on the following factors; 

• Orebody shape 

• Grade distribution 

• In situ stress directions and magnitudes 

• Orientation of structural features 

• Cave - Pit slope interactions 
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A similar assessment was preformed for the extraction level orientation for each of the caves. A north-south 
orientation was chosen for the NEC and a northeast-southwest orientation was chosen for the SEC. A 
primary concern with the SEC orientation was the interaction between the extraction level and the Midas 
thrust fault. As our orebody knowledge increases and the interactions are better understood, the orientation of 
the SEC extraction level could change to a north-south direction. 

 

Figure 8 N-S section looking west with PFS design and current 2019 pit 

6.3 Access and Infrastructure 
During the PFS the initial access to the underground will be through the NOS shaft. The NOS shaft will also 
serve as an exhaust raise when production starts. Primary access to the underground will be through the 
Canyon shaft; this shaft will be 8.5m in diameter and will reach a depth of 1269m below the surface (2040 
level). This shaft will also serve as one of the fresh air intakes and the NRS production shaft with a hoisting 
capacity of 16kt/d. From the Canyon shaft access is available to all three caves. The main access/intake drifts 
are a 5.5m x 5.1m arched profile drift, this size is maintained until the access reaches the perimeter of the 
extraction level. Ramps that split off to access the undercut, ventilation and Ore Handling System (OHS) are 
a 4.8m x 4.2m arched profile. 

The ventilation level is located 15m below the extraction level. Intake drifts feed from the pit intake shaft 
and horseshoe around the footprints with 1.2m raises connecting up to the extraction level. Exhaust raises are 
located along the middle of the footprint on the extraction level and connect down to the exhaust drift. The 
exhaust drift grades at a negative 2% from the start down to the production shafts to help with drainage. The 
exhaust drifts connect to the bottom of the production shafts 

The OHS level is 31m below the extraction level with 3m ore passes servicing the extraction level. 
Generally, each extraction drift is serviced by two ore passes. Ore passes discharge onto apron feeders that 
transfer the uncrushed ore onto 245cm wide conveyors that feed the crushers. Each cave will have its own 
150cm by 225cm gyratory crusher. The NRS will have two 106cm by 168cm gyratory crushers, with the 
second crusher coming later in the mine life. Crushed ore will feed onto the 183cm main conveyor for 
transportation to the production shafts. Twin 10m production shafts serving the NEC and SEC hoist the 
crushed porphyry ore at a combined rate of 95kt/d. The twin production shafts also serve as the primary 
exhaust raises. 
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6.4 Highland Boy and SW Caves 
Due to their location within the pit and in relation to the primary underground resources (NRS, NEC and 
SEC), the HB and SW caves are being evaluated as secondary underground targets with the understanding 
that the resources may be worth pursuing if it is determined that the primary underground resources will 
proceed as underground operations. 

Water infiltration behind the Highland Boy area (fig. 6) is causing potential instability of the pit slope and is 
therefore a topic of study for the final open pit design. In efforts to improve the pit slope stability of this area, 
a drainage tunnel is currently being excavated in the northwest corner of the pit to provide a depressurization 
platform for the current planned end of mine life pit. The Highland Boy Drainage Gallery is an arched 
opening, 5.5m x 5.5m at its tallest and widest points and will be approximately 2300m in length upon 
completion. Horseshoe shaped in plan view, the tunnel’s two legs are being excavated simultaneously. The 
completed tunnel will provide sixteen dewatering drill locations to secure the pit wall from failures. It is 
planned that approximately 15 percent of the drain holes will be core-drilled to provide additional data to 
characterize the deposit. The drainage gallery will also provide additional geological and geotechnical rock 
mass characterization through mapping of the drainage gallery openings; support for future drift 
rehabilitation; and future drilling and development work. 

7 Summary 
The Bingham Canyon Mine has been an important source of copper, gold, and molybdenum for over a 
century. Extensive mineralization still exists beyond the current life of mine plan ending in 2019. Evaluation 
of the opportunities through the Order of Magnitude study, completed in 2006, indicate that either surface or 
underground options or a combination of the two are viable for extending operations. A pre-feasibility study 
on the underground options is expected to be completed in 2013. The pre-feasibility study will also 
encompass an increase in orebody knowledge particularly in geotechnical data and orebody development 
conditions. As our knowledge of the deposit increases some of these designs will without doubt change. 
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Abstract 
At Panda Mine in Canada’s Northwest Territories, an innovative Sub-Level Caving technique has been 
employed that’s takes advantage of the ground conditions and the geometry and size of the Kimberlite Pipe. 
The technique has worked well but a residual exposure was to sloughing of waste material from the 
overlying completed open pit and the exposed walls of the SLC.         

A process of detailed back analysis of stability and damage in the pit, forward analysis of damage and 
displacements due to caving and probabilistic analysis was used to simulate the likelihood of waste ingress 
on a range of scales. The use of the Alternate Point Estimate Method (APEM) on a mine scale to estimate the 
probability of instability, the likely volume of waste ingress and sloughing and induced surface deformation 
is described in detail and compared to measured results during mining. 

1 Introduction 
Sub Level Caving (SLC) is a much higher cost mining method than block caving, but it finds a niche in some 
circumstances where natural caving is not possible, or where the orebody footprint and size can sustain the 
higher operating costs but not the comparatively higher capital costs of a block caving.  

The natural competitor to SLC as a method is usually open stoping. A typical open stoping to SLC 
conversion occurs because filling would be too expensive or impractical, the recovery from stoping with 
uncemented fill would be too low or top down mining is needed for some reason and tight, stable, cemented 
fill masses are not feasible. The main drawbacks of the method are the very high development demands and 
the typical dilution. The development demands are also a significant constraint, but they are more or less 
fixed by geotechnical and draw considerations. The cost which is more variable and difficult to account for is 
the amount of dilution that needs to be budgeting when planning the project.  

At Panda Mine, a small SLC was constructed under a small open pit, and wall sloughing was the main 
concern for dilution. Criteria for wall stability were established and then applied in numerical models to 
forecast likely future sloughing. The methods and concepts discussed could be applied to assess sloughing 
and dilution for other methods and situations in underground and surface mining including block caving.  

2 3D NL-FE Model formulation 
Simulating instability in the walls of an SLC requires that the model have the ability to simulate the damage 
which accumulates as a consequence of the progressive excavation process. Every location in the walls will 
see a complex and different history of stress and strain and this will change as the mine extends and deepens.  

To simulate the effects the model must have very small excavation steps. Calibration exercises at a number 
of mines have shown that large numbers of steps may be required to simulate just a few levels of extraction 
of an SLC if the damage and deformation is to be properly captured. The Panda model has 80 extraction 
steps to simulate 9 levels of SLC extraction. Too few model excavation steps leads model results which are 
not fit for purpose.  

There is also a requirement that the simulated damage and structural movements are largely correct; if a 
model is unable to replicate damage very well, it will not accurately simulate displacements, and vice-versa. 
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If the damage accumulates correctly in the model, the range of zones around the cave, from the cave 
boundary, into the loosened, fractured cave cone and beyond into the deformed zone will be simulated.  

These requirements alone generally mean ‘higher order’ elements are usually required. The alternatives are 
lower order elements and approximations of higher order elements, but more of these types of elements are 
required, and ultimately the behavior will not be sufficient to model most large problems. 

ABAQUS was chosen for the modelling at Panda as it allowed rapid modelling despite significant detail in 
the model which included:  

• all cave scale geological structures and domains.  

• the 3-dimensional geometry of the pit 

• material models and analysis frameworks sufficient to simulate the stress-strain behavior of rock 
from the intact to significantly yielded states.  

• an ability to simulate the softening behavior and very large strains.  
ABAQUS is computationally efficient enough that on a large workstation, the 6E6 degree of freedom model, 
with 80 excavation steps could still complete a run through the life-of-mine in less than 15 hours.  

3 Simulating the stress field 
The stress field used to apply boundary conditions to the model was based on measurements at the nearby 
Koala mine. The issue with Panda, and many volcanic pipes is that the stress is lower in the pipe as a 
consequence of the mechanics of pipe emplacement. To achieve a variable stress field such as this in the 
model, some of the mechanical processes that have taken place in the geological history must be simulated. 

An example from the results of the simulation of geological history at the immediately adjacent Koala mine 
is shown in Figure 1. The results are very similar to Panda owing to proximity and the similarities in the 
scale and geometry of the pipes. The model results not only closely matched measurements at the mine, but 
the nature, location, magnitude and depth of the damaged pipe boundaries was also simulated very well.  

Figure 2 shows the modelled rockmass damage at a mining step for this special stress case and a ‘standard’ 
stress field, without a simulation of the geological equilibrium. The pre-existing damage to pipe boundaries 
are clearly visible. The simulated stress path, with a better match to measurements produced more realistic 
interaction phenomena and importantly shows an increased interaction with the pit that is relevant for 
planning decisions at the mine. 

 

Figure 1 Example of the simulation of the geological stress-strain path  
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Figure 2 Plastic strain induced in the vicinity of an open pit by caving operations for a base and 
a stress case due to a simulated geological stress-strain path 

For some SLCs and block caves, particularly those mined in weak pipes, a particularly adverse hazard occurs 
when large portions of the partially extracted pipe slump, crushing sections of the unmined footprint on a 
production level or undercut. Sometimes referred to as ‘plug collapse’, the probability of this critical 
phenomena is typically under-predicted if the true nature of the in-pipe stress field is not correctly simulated.  

4 Calibration and Material Properties 
The calibration can be based on large numbers of measurements or seismic observations, as for Perseverance 
mine in Western Australia (Beck et al, 2006), where nearly 40000 field measurements have been used 
improve and confirm the models ability to simulate displacements. At Panda, such measurements were not 
available, so observations of failure and instability in the pit and limited knowledge of movements were 
used.  

Examples of back analysis of one failure in the otherwise stable pit is shown in Figures 3. For this failure, the 
modelled velocity is compared to a photograph of the pit. The observable failure is replicated by the zone of 
high velocity movement, and the location and scale of deterioration in surface conditions outside the main 
failed zone is replicated. Coupled with the history of a good match between modelled results and actual 
behaviour at the Koala operations, the qualitative correlation of the model was considered to be sufficient. 
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Figure 3 Modelled plastic strain in the model compared to a photograph of the pit as at the time 
of slotting on the second level 

5 Criteria for stability 
Stability indicators were interpreted as part of the calibration process. The focus is on identifying the 
boundaries of instability, to as precisely as possible differentiate between the stable and unstable material. A 
limitation is that the only blocks and wedges simulated by the technique in this particular model are those for 
which the bounding geological structures are known and have been included in the model. For Panda, this 
essentially means that only blocks formed by the major faults and geological boundaries are being included 
in the assessment of stability, and the main instability being considered is instability on a large scale (greater 
than batter scale up to wall scale). The model of the mine, showing the structure incorporated in the analysis, 
and just one of the excavation stages is shown in Figure 4. The scale of structure included is not very small 
for this problem, but the package would allow an order of magnitude more structure if necessary.  

As significantly yielded material may be stable as far as ingress potential is concerned (ie, yielded but not 
likely to enter the cave as dilution) a number of stability indicators were considered: 

• Plastic strain, which infers the yield state of the material. Plastic strain is a lower bound for 
instability in the pit or SLC wall, as yielded material is not necessarily kinematically able to enter the 
cave as dilution.  

• Velocity and Displacement are separate indicators of instability, but are both indicators that 
kinematic constraints for instability have been met and that material is ‘actively’ unstable. 
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Figure 4 The model of the mine, showing the structure incorporated in the analysis, and one of 
the excavation stages 

Observed 
Stable 

Particle 3

plasticity /damage

Selected level for 
potentially critical  
plastic strain

Observed 
Stable 

Particle 2

Observed 
Unstable 
Particle 1

vertical displacements

Observed 
Unstable 
Particle 1

1

2

3

time of 2110 
slotting

Velocity [metres/model step]

Selected level for 
critical particle 
velocity

time of 2110 
slotting

time of 2110 
slotting

1

2
3

Cave 
material 

not 
shown

Observed 
Stable 

Particle 3

Observed 
Stable 

Particle 2

3.2%

1.8%

1.0%

0.6%

0.3%

0.0%

Significant

Moderate

Minor

None

Plastic 
Strain

 

Figure 5 Analysis of stability indicators for a previous failure in the pit 

As an example of the assessment of indicators of instability, the velocity, displacement and plastic strain at 
selected points on the underlying surface of a previous failure, and within the failure itself are shown for the 
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complete model time history in Figure 5. During the actual failure, Particle 1 was observed to be part of a 
completely failed zone. It is rubbleised and had collapsed. Particle 2 was rubbleised at the time indicated in 
the model step in the Figure but had not collapsed and Particle 3 showed only damage and was not part of a 
collapse. 

Interpretation of the velocity, plastic strain and movement indicators for stability for these three stability 
conditions for a number of failures suggested the appropriate levels of strain, displacement and velocity to 
use as boundaries for stability.  

Figure 6 shows the volume of unstable material indicated by the velocity based stability criterion for an early 
stage of the SLC mining. The timings for 2 observed failures are shown. The application of the criteria 
shows the step changes in unstable volume associated with these failures are correctly replicated in the 
calibrated model.  
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Figure 6 Analysis of stability indicators for the previous failure near the overhang  

Importantly, the possible range for the unstable volume, estimated using APEM and discussed in more detail 
below, shows a wide range for the total unstable volume, but even for the extreme worst and best cases, the 
two discrete failure events are still seen as steps in the graph. This strongly indicates that the fundamental 
causes of these particular instabilities were geometric, because changes in material properties within sensible 
limits influence only the magnitude of the failures, not the actual likelihood of them occurring at all.  
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Probabilistic estimate of waste ingress  
The unstable volume in the walls or any other model output can be simulated as a probabilistic range, using 
the Point Estimate Methods (PEM). Most PEM approaches are based on two-point estimates but references 
to third- and higher-order point estimates can be found in the literature such as in Harr (1989). The proposed 
Alternate PEM by Harr (1989), or APEM, is applied to the investigation of shaft deflection in a complex 
mining geometry, assuming probabilistic distributions of a selected set of material properties. The APEM as 
applied here only considers the influence of material properties, but draw strategies and other physical 
factors may be incorporated. 

The APEM is a rapid means of evaluating the distribution of possible outcomes for a particular, quantitative 
performance indicator. Run on multiple computers, APEM for a mine scale, life of mine analysis such as this 
was completed with the ABAQUS code in a few days.  

Some examples of the APEM results are presented in Figures 7 and 8. 
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Figure 7 Range of estimates for waste ingress versus time 

The APEM results showing the estimated cumulative unstable tonnes are presented for the whole cave and 
pit in Figure 7. For the detailed analysis undertaken at the mine, sectors of the mine were investigated 
separately to better interpret the mechanisms that most influence the sloughing, but only this whole of mine 
example is presented here. The figure shows mean estimates based on both plasticity and velocity based 
stability indicators and a 95% probability boundary using all the results. For range analysis in risk 
assessments at a mine, this kind of graph could be used to estimate upper, lower and middle scenarios, with 
the middle case somewhere between the mean velocity and plastic strain estimates.  

At the time of the forecast at Panda, the lower probability case for waste ingress was ruled out based on 
existing observations of the pit behaviour during the early SLC operations. The actual amount of over break 
was much closer to the mean prediction, but the predicted over break distribution was heavily skewed 
towards the upper, or worse case. This meant that the most likely range was between the mean case and the 
worst case.  
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In many cases, selecting particular APEM scenario as the most likely actual case based on observations 
during operations would not be correct. Obviously, before mining the most likely scenario is that suggested 
by the APEM distribution itself. However in this case, the APEM showed that after the 4th or 5th levels the 
particular APEM scenarios, each representing a particular combination of material properties, produced very 
distinct and unique over break outcomes.  

At the time the analysis was undertaken, during extraction from the 3rd level, it was recommended that 
ingress during mining of the 4th level be carefully observed and used to infer which scenario of over break 
was playing out. After mining of the the 4th level, it became clear that a middle range scenario was the best, 
and by the near end of mining, the total ingress was still matching very closely, within about 10% that 
predicted by that model scenario.  

Future work indicated by this analysis 
The flow of material within the cave, including the transit of waste was beyond the scope of this analysis but 
a coupled analysis using ABAQUS and a package for simulating cave flow such as mineCAVE or CaveSIM 
is possible. Coupled analysis would allow parallel analysis of deformation, damage, stability and flow and 
would provide additional information about the likely stability of the pit and cave, the effects of waste 
ingress, and may importantly be used to assess the efficacy of proposed means for better managing stability 
and dilution issues in SLC mines, and also block caves.  

Conclusions 
The example at Panda is a simple one for a number of reasons, but it shows probabilistic analysis of  
over break potential is possible using an off the shelf modelling package. To employ such techniques, 
appropriate criteria need to be developed for the mine. This may lead rock mechanics as a discipline down a 
path towards more quantitative analysis, and a paradigm where measurement, observation and analysis play 
a bigger role.  

For SLC mining, the application may be very important. A significant impost to the selection of the 
technique at some operations has been lack of certainty in the predictions of waste ingress. Using the 
technique demonstrated here, in most the level of certainty required by most mining companies during 
mining studies should be possible.  

The key requirements are: 

• Appropriate non-linear, 3D, strain-softening, dilatant, mine-scale deformation analysis, simulation of 
geological discontinuities and domains at an appropriate scale, sufficiently small excavation steps, 
precise-enough quantification of the stress field and an ability to accurately simulate displacements.  

• Appropriate criteria for stability 

• Efficient numerical modelling codes able to handle very large problem sizes very quickly 

• Data for testing the model inputs and calibrating the model. For calibration, local measurements of 
deformation are the most appropriate, but data from other similar mines and geotechnical 
environments may be appropriate.  
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Abstract 
During the past ten years, CODELCO has been developing intensive processes of investigation and 
characterization for the approximately 3 billion tonnes of mineral resource, which will remain at the end of 
the Chuquicamata open pit’s life, estimated at the end of 2018. Based on the relevance and significance of 
these results, in May 2007; Codelco approved the beginning of block/panel caving pre-feasibility study. 
Despite the fact that the engineering study is still in progress, it is possible to present a general overview of 
the main aspects, such as; alternatives for mining configurations, mine planning criteria, layouts, material 
handling systems and others related topics. By the end of 2008, this stage of the project is expected to be 
completed. The objective of this paper is to describe briefly the main aspects of the mine planning & design 
related to this underground mine project.  

1 Introduction 
The Chuquicamata copper deposit is located in the northern region of Chile, as part of CODELCO NORTH 
District, one of the richest ever discovered in the world. The district is situated in the Atacama Desert at a 
variable altitude varying from 2400 to 3200 m above sea level. As a part of this district there are other copper 
deposits such as; Radomiro Tomic, MMH and Toki, belonging to CODELCO North Division. Figure 1 
shows location of the Chuquicamata Mine. 

 

Figure 1 Location of Chuquicamata Mine 

Codelco North District has over 10 billion tonnes of resources, with an average copper grade above 0,5% of 
copper. Current operations are Chuquicamata Open Pit (150 ktpd of ore), Radomiro Tomic Sulphide (RT) 
(30 ktpd ores) feeding a concentrator, and RT and South Mine Oxide ore operations, both feeding two SX-
EW processes. 

The Main source for the concentrator feed is Chuquicamata Open Pit Mine, which is estimated to be closed 
by 2018. It has been estimated the remaining resources in more than 3 billions tonnes by the end of this open 
pit exploitation period.  
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This paper briefly describes the latest results obtained during the scoping stage that finalized at the end of 
2006, and some of the preliminary analyses carried out during the pre- feasibility study, which is still in 
progress. 

2 Base Information 

2.1 Relative Location 
The Chuquicamata ore body follows the West fault in the North – South direction and best grades are located 
below the west slope of the pit in a sub vertical disposition. It has average dimensions of about 4 km in 
length and 350 m in width at the southern part and 700 m in width at the northern part as shown in Figure 2.  

 

Figure 2 Ore Body Disposition  

2.2 Exploration Infrastructure  
The underground ore body has been mined below the Open Pit during the five last years using infrastructure 
built specifically for this purpose. This infrastructure consists in a set of declines and crosscuts generated 
from the middle of the pit down to the ore body. 

 

Figure 3 Schematic View of Exploration Infrastructure  

Total underground exploration developments are around 15 km, mainly 5 m x 5,5 m declines (10 km), 
ventilation raises 1,5 km and 5m x 5m crosscuts (3,5 km), covering most of the resources with the highest 
economic potential and the likely start of the mining sequence. 
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2.3 Mineral Resources and Reserves  
Almost one third of the total resources of the underground project are located between the slope of the final 
pit and Elevation 1800; the same parameter used for the open pit design. Total mineral resources and 
reserves obtained during the scoping study are shown in table 1, defined according with Codelco´s standard 
(SKM Minmetal, Caving Ltda, 2007). 

Table 1  Mineral Resources and Reserves Chuquicamata UG Project  

tonnes x 106 % CuT % Mo % As

Resources under Final Pit 4.123 0,71 0,033 0,031

Reserves Scoping Study 1.304 0,76 0,055 0,051
 

Geological interpretation reaches elevation 1200, with the ore body still open at depth as referential cross 
section shown in figure 4. 

  

Figure 4 Ore Body Cross Section  

2.4 Main Geotechnical Parameters  
After many years of investigation, analysis and discussions based on drill core and on site information 
logging; many of the critical geotechnical aspects of the rock mass characterization, allows to conclude and 
forecast a favourable expected behaviour for a Block/Panel Caving mining method. 

Main geotechnical parameters are presented in association with figure 5, where a north-south and sub 
vertical disposition of the geological units and main joint sets are controlled by the major West Fault. Also it 
has been deduced that proportion of Quartz and Sericite presence in the rock, in general will control average 
rock mass quality. 

Main Geotechnical parameters are: 

• UCS: between 40 y 140 MPa. 

• In Situ stress field: 20 MPa vertical and 20 to 25 MPa in the Horizontal directions. 

• Fragmentation: medium to fine. 

• Average MRMR: 48 

• Hydraulic radius: 24 m. 

• Conventional Caving can be applied  
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Figure 5 Geological Units (Isometric View) 

3 Mine Planning and Design  

3.1 Previous Economic and Geometric Analyses 
Several economic analyses were conducted during Scoping study to determine realizable production rate 
ranges and their relation with the mining sequence, geometry of column heights at the first level, subsidence, 
preparation rate, and finally geometry of the mining footprint. 

The main outcomes were: 

• Economic production rates are between 100 and 140 ktpd. 

• It is necessary to activate at least one caving front each 40 ktpd, each one being managed 
independently. 

• The first production level must be located around Elevation 1800, generating exploitable columns 
between 450 and 100 m high. 

• The economic footprint is close to 2,6 km long (N-S) and 280 m wide (E-W), i.e. approx. 700.000 
m2 

• The location of the second production level is defined geometrically depending of the production 
rate at regime, as well the third level location. 

3.2 Mining Options 
Many mining methods were analysed during previous engineering stages, however the block/panel caving 
alternative showed profitable results. 

Two configurations for caving have been analysed during this pre-feasibility stage; both based on the 
knowledge obtained during the hundreds of years of caving operations around the world and mainly based on 
the Codelco experience and know-how on large block/panel Caving operations. 



 

 465

One of these options is to mine the ore body by large mining panels, where development, construction, 
caving and production operations are managed as a continuous cycle. This is the “Panel Option”. 

The second option divides the footprint into several mining units, managed independently. In this scenario, 
we are looking for a mining configuration that permits independent development and construction from the 
caving and productions operations. Another concept behind this configuration is to minimize the effect of 
abutment stresses over the following reserves as much as possible. This caving configuration has called 
“Macro Blocks Option”, basically because each mining unit was defines such as block of 250 m x 240 m, 
60.000 m2 approximately (SKM Minmetal, Caving Ltda, 2006). 

Both mining options are illustrated in figure 6 and 7. 

 

Figure 6 Panel Caving Mining Option 

 

Figure 7 Macro Blocks Mining Option 

At this point in time, identified differences between options are basically qualitative and related to the 
flexibility of operation, the requirement of preparing one or two infrastructure levels in order to achieve 
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productions levels, the concentration of multiple operations per caving front or active area, and a few 
differences associated to the prognosis about west slope failure mechanisms. 

With regard to the quantitative parameters and results between both configurations, no major differences 
were found at this level however, Macro Block generates additional flexibility and less risk, because of the 
clear splitting of development and construction from caving and production zones. 

3.3 Production Plan 
The expected mine production targets a rate of 120 ktpd, after seven year ramp-up, and sustaining this rate 
for 17 years. Total mine life is estimated to be 37 years. Any mining option chosen should fulfil these 
requirements. 

Figure 8 shows one of the production plans for the Macro Block Caving Option (SKM Minmetal, Caving 
Ltda, 2007). 

 

Figure 8 Production Plan for Macro Blocks Caving Option 

3.4 Infrastructure Analysis 
Infrastructure analysis is not an easy task, due to the size and the technological experience. This is one of the 
very first large mines in the world that has to lift such a large amount of ore (1.500 m), taking into account at 
the same time, all accessing infrastructure for services, materials, ventilation, people, etc, required for 
sustaining development, construction and production target. 

At this stage, several options have been analysed, including; conveyor belt system versus conveyor–skip 
system for main material handling to surface, railroad versus buses/trucks decline for work force/materials 
and material transportation, deep shafts versus several declines for air intake. 

Some of those are shown in figures 9 to 11 (Caving Ltda., 2006). 
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Figure 9 Belt – Conveyors System 

 

Figure 10 Production Shafts - Conveyors System 

 

Figure 11 Intake Shaft Option 



 

 468

4 Other Challenges 
In the past years, the technical aspects of this project have been the focus. However, other factors have been 
considered. These could introduce huge modifications in the budget, scheduling and eventually in the return 
of the whole investment.  

Some of these aspects are briefly analysed in following sections. It is very important to take into account that 
if these variables are not properly considered in the equation, it could result in unmanageable and 
unpredictable risks for the project.   

 

4.1 Engineering Capacities 
Due to the continuous and sustained growing of new mining investments, one of the biggest restrictions for 
all mining projects is the challenge in finding available in the market proper engineering capacities, which 
fulfil the skills and qualifications required to develop this type of investment in term of efficiency and 
effectiveness.  

CODELCO, itself is developing three word class block cave projects at the same time: New Mine Level at El 
Teniente, Sur Sur Underground at Andina mine and Chuquicamata Underground, and soon is about to start 
with MMH Underground project. 

In addition mining companies have to keep the operation going maintaining the standards of safety, levels of 
production and cost restrictions and at the same time study, develop and set up these mega projects.  

It is the first time in the history of mining that so many caving projects are being studied and set up, 
simultaneously. As an example, Figure 12 shows the engineering hours’ requirements for Chuquicamata 
Underground project. 

4.2 Development and Construction Capabilities 
The same situation can be found in the mining development and construction field. The market trend and 
best practice is to make long-term alliances with operators in order to ensure fulfilment of project schedules 
as much as possible.  

Another important variable is the supply chain. Due to the explosive demand on equipment and materials, 
the terms and conditions agreed with suppliers could make the difference in the success of the project.  

Figure 13 shows the development required by Chuquicamata Underground in the future. 

4.3 Trained Workforce 
The project team took the decision to define Chuquicamata Underground as a Greenfield project. It has been 
working with the assumption that the selection and training process will have to be highly intensive in order 
to fulfil the work force requirements. 

Experiences around the world have been taken into account, for instance Freeport McMoRan programs at 
Grasberg mine, in Papua Indonesia. 

The Chuquicamata Project assumes that development and construction will be outsourced, and Codelco’s 
own personnel will do production and direct maintenance operation. Figure 14 shown a workforce forecast 
estimated in this project. 
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MEN HOURS - ENGINEERING
Chuquicamata Underground Mine Project
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Figure 12 Engineering Hours Required 
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Figure 13 Linear Developments (Drifting-Raising- Shaft Sinking) 

 

Worforce Estimation 
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Figure 14 Work Force Estimation 
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5 Schedule 
The current schedule fixes the finishing the feasibility study will be completed of 2011. Construction will of 
start in early 2013. Hence, there is a small gap to achieve the objective of starting production ramp at some 
point in 2018. In order to reduce the risk associated to timing and ensure the production starting date, the 
most probable scenario is to initiate the construction of some infrastructure development during 2010. 
However, this kind of decision will be taken once the pre-feasibility study is completed, programmed at the 
end of 2008. 

6 Conclusions 
Based on the brief description in the previous sections, this is an extremely challenging project. CODELCO 
will have to manage an important mining engineering, human resources, and commercial challenge in a time 
where market demand is like never before. 
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Abstract 
The Grasberg Block Cave Mine (GBC) commencing production in 2015 will produce an average 160,000 
tonnes per day of copper and gold ore and will become PT Freeport Indonesia’s flagship operation as the 
transition from Open Pit to Underground mining takes place. Adjacent underground operations being the 
Deep Ore Zone, Kucing Liar, Deep Mill Level Zone and Big Gossan mines will contribute to a sustained 
240,000 tonnes per day Mill Concentrator ore supply through to 2041. 

Since 2000, PT Freeport Indonesia identified the significant development lead times and logistics issues 
entailed in the underground expansion plans and initiated the Common Infrastructure Project (CIP) to 
support the future mines, particularly the GBC with multiple level access and logistics support systems. 
Commenced in 2003, the CIP deliverables are the 6 km long twin Ali-Budiardjo Adits to the GBC lower 
infrastructure, the 1.2 km long Grasberg Access and Ventilation Decline to the GBC upper infrastructure 
and a rail transportation system to be installed in the Ali-Budiardjo Adits that will become the primary 
supply corridor for personnel, materials and waste rock disposal for the life of the underground operations. 

In order to support the aggressive multiple heading drill and blast and construction activities forecast early 
in the GBC development schedule, additional ventilation capacity will be required in 2010. Two of the 
ultimately eight planned 2.8 km long Grasberg Ventilation Declines were initiated in early 2006 to address 
the medium and long term ventilation requirements. 

These projects when fully completed in 2010 will provide the future underground mines with reliable gravity 
drainage, multiple level personnel and equipment access, emergency escape, ventilation and services 
providing a springboard for continued underground development. 

This paper discusses the underlying concepts, considerations, and implementation strategies PT Freeport 
Indonesia has adopted to ensure that the GBC development schedule is supported with adequate access and 
logistics support systems to meet the aggressive construction and production targets. 

1 Introduction 
Freeport-McMoRan Copper & Gold Inc. (FCX) is an international mining industry leader based in North 
America with large, long-lived, geographically diverse assets and significant proven and probable reserves of 
copper, gold and molybdenum.  

PT Freeport Indonesia (PTFI) is a 91% owned operating subsidiary of FCX. Its principal asset is the world-
class Grasberg Open Pit mine discovered in 1988. It is located at approximately 4º-6' south latitude, 137º-7' 
east longitude in the Sudirman Mountain range of Papua, the easternmost province of Indonesia. The mine is 
located within the Grasberg/Ertsberg minerals district containing one of the world’s largest copper reserves 
and world’s largest single gold reserve. 

In 2007, the combined ore production of the Grasberg Open Pit mine averaging 160 ktpd and the Deep Ore 
Zone (DOZ) Block Cave mine at an average 50 ktpd produced a total 1 billon pounds (500 k tonnes) of 
copper and 2.1 M oz of gold. 

The Grasberg/Ertsberg complex shown in Figure 1, illustrates the relational layout of the current 2.8 billion 
tonne minerals district reserve. The western side is dominated by the Grasberg, with its massive open pit 
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(ultimately measuring 2 km across) and the block cave minable reserves underneath, the Kucing Liar (KL) 
and the Big Gossan reserves. The eastern side of the district is dominated by the Ertsberg East ore reserves, 
being the Deep Ore Zone/East Stockwork Zone (DOZ/ESZ) currently being mined by block caving 
techniques producing 50 ktpd; the Mill Level Zone (MLZ) and Deep Mill Level Zone (Deep MLZ) . 

 

Figure 1 Grasberg/Ertsberg Mineral District reserves 

When the Grasberg Open Pit mine is exhausted in 2015, the Grasberg Block Cave mine (GBC) will assume 
the role as PTFI’s flagship operation defining the transformation of PTFI’s the open pit era to underground. 
The GBC is currently being designed and engineered to produce an average 160 ktpd, and supported by the 
adjacent underground mines will contribute to a sustained 240,000 tonne per day Mill Concentrator ore 
supply through to 2041. This transition from one of the world’s largest open pit mining operations to the 
world’s largest underground mining operation is an important and challenging period for PTFI’s long term 
future. 

The GBC production schedule commences with undercutting in 2015 and steeply ramps up to full 160 ktpd 
production by 2022, thus presenting challenging construction targets with significant lead times and logistics 
issues. Since early 2000, PTFI has been working to identify key design constraints, issues and critical 
elements resulting in the pro-active initiation of two major underground infrastructure projects: firstly, the 
Common Infrastructure Project (CIP) in late 2003, and secondly the Grasberg Ventilation Declines (GVD#1 
& GVD#2) commenced in early 2006. 

2 Common Infrastructure Project 
The Common Infrastructure Project (CIP), so named because the underground infrastructure it provides will 
be utilised not only by the GBC, but also by the KL, MLZ, Deep MLZ and Big Gossan mines. The CIP 
consists of three major components, being: 

Ali-Budiardjo (AB) Adits – twin parallel tunnels driven 6 km from the surface portals to the GBC lower 
infrastructure, with spurs leading to KL via Big Gossan and to the MLZ mines (shown in Figure 1). 

Grasberg Access and Ventilation Decline – a single 1.2 km long decline extending from existing 
underground drifts to the GBC upper infrastructure. 
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Surface & Underground Rail Construction – the construction of a rail transportation system in the AB 
Adits that will become the primary supply corridor for personnel, materials and waste rock disposal for the 
life of the underground operations. 

These components combine to support the future underground mines and the GBC in particular with reliable 
gravity drainage, multiple level personnel and equipment access, emergency escape routes, ventilation and 
services that will provide a springboard for continued underground development and expansion. 

2.1 Ali-Budiardjo Adits 
The AB Adit Portals are located in the Aghawagon River Valley about 1½ km south of the Mill Concentrator 
at an elevation of 2,480m above sea level. This location serves as the best location for the portals due to their 
proximity to the Ridge Camp Barracks which provides accommodation for a large proportion of the non-staff 
workforce. The location is also ideally positioned from an elevation consideration; at a 1% incline, the adits 
access the base of the GBC, KL and Big Gossan mines as well as being in an area topographically suitable to 
be enlarged and to subsequently support the Ridge Camp Rail Yard. 

Site works for the AB Adits Portals structures commenced in August 2003 with the excavation of 
approximately 325,000 cu.m of partially cemented glacial till to expose the solid sandstone rock face from 
which to commence tunnelling. Twin 50 m long portal structure foundations were constructed after which 
pre-cast concrete portal sections supplied in halves were erected into place. The portal structures were 
subsequently entombed with compacted fill and the main road leading to the Mill Concentrator was re-routed 
over the top. See Figure 2. 

   
Figure 2  AB Adits Portals during construction (left) and presently (right) 

2.1.1 Adits Layout 

A number of potential tunnel routes were considered during the initial planning stages with a compromise 
required between increasing the length of the adits to minimize the likelihood of intercepting poor ground 
conditions with shortening the route to reduce travel times. The final route was selected to maintain a path 
within the most competent ground with the least potential for intersecting major water inflows. Resultantly, 
the adits geometry allows them to be driven primarily in competent diorite and sandstone. 

At tunnel chainage Ch 2+925m, the twin adits converge and continue as a single heading to the Grasberg 
Rail Terminal. A spur heading west will ultimately be developed to the KL from the Big Gossan where it is 
currently stopped. Another spur will head east to the MLZ/Deep MLZ mines. Refer Figure 3. 

2.1.2 Tunnel Design & Planning 

The AB Adits are designed for a useful life of 40 years to service PTFI’s underground mining era through to 
2041. The adits consist of twin 6.8m wide x 6.0m high horseshoe shaped headings spaced 30 m apart (24m 
wide pillars) with cross-cuts and 22m long re-mucks spaced every 200m. The adits are inclined at a constant 
1% gradient applied from the portals to each of the underground Rail Terminals. Diamond drill stations were 
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excavated every 300 m of tunnel advance and pilot holes drilled from these stations determined the 
geological and hydrological conditions for advancing the tunnels. All spurs and turnouts were designed with 
consideration for the application of standard gauge (1435mm) rail equipment to suit #10 turnouts for main 
track sections and #8 turnouts in the underground terminals. 

                                  

Figure 3 AB Adits General Layout 

Tunnel ground support is characterized into four standards, Type A through Type D reflecting the best and 
worst ground conditions respectively with all the ground support installed to date being Type B and Type C. 
Type B consists of in-cycle fibre reinforced shotcrete and 4.0m grouted rebar bolts, with Type C requiring 
the addition of F62 reinforcing mesh applied in poorer ground conditions.  

Conventional drill and blast excavation was selected over mechanical Tunnel Boring Machine (TBM) or rail 
supported excavation systems due to the lower costs, reduced risk of significant mechanical delays often 
encountered in TBM projects, and the fact that PTFI is already highly skilled and well experienced with drill 
and blast excavation. 

Both headings were set up with a full complement of in-cycle tunnelling equipment and crews with the 
strategy to maximise face advance rates by ensuring maximum face utilisation. Each tunnel face was 
supported with the following critical in-cycle equipment: 

• Axera T08-360, TCAD, three boom face-drilling jumbo with 18 ft feeds 

• Axera T08-290, bolting jumbo with split feed 12/16 ft feed 

AB Adits Excavation (2004-2008) - 14.9 km 

Continued Excavation (2009-2017) - 6.2 km 

Grasberg Rail Terminal 
Ch 5+595m 

 

Kucing Liar Rail Terminal 

Big Gossan Rail Terminal 

Ridge Camp Rail Yard  
Ch 0+000m 
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• 2900G LHDs & AD55 haul trucks 

• Shotcrete spraying rigs 

   

Figure 4  Axera T08-360 Jumbo 

2.1.3 AB Adit Progress 

Tunnelling works commenced in July 2004. The Big Gossan Terminal was completed in July 2006 and the 
Grasberg Rail Terminal reached in December 2007; these milestones effectively marking the completion of 
the current scopes of work under the AB Adits. A total of 16 km of development headings has been 
excavated at an average monthly excavation and support rate of 295 m/month. The ground conditions have 
generally remained favourable with only a few small water inflows encountered. Rock bursts became an 
issue from time to time as the tunnels extended deeper into the mountain side as the in-situ ground pressure 
increased with ground cover up to 2,000m. This was managed by the application of Type C ground support 
in ground that would otherwise be suitable for Type B.   

Grasberg Rail Terminal excavation is continuing, with the MLZ Spur planned to commence in early 2009, 
and the extension to the KL from the Big Gossan Terminal planned to re-commence in 2016.  

Over the course of the project, a number of efficiency initiatives have been implemented that have served to 
help maintain the average daily face advance rates as the tunnels extended deeper into the mountain side and 
further from the portal based support infrastructure; these initiatives include 1) conversion from 480V power 
supply to 1,000V which has increased the spacing of load-stations from 250m to 700m, thus reducing the 
number of electrical cuts and movements required, 2) The application of resin-grouted thread-bar dowels to 
replace the labour intensive cement grouted methods, 3) the installation of a leaky-feeder communications 
system to improve voice communications, 4) relocation of the jumbo maintenance facilities from the portal 
area to the MLZ Turnout stub to reduce jumbo travel time for maintenance. 

2.2 Grasberg Access and Ventilation Decline 
The Grasberg Access and Ventilation Decline is a 1.2 km long, 5.0 m wide x 5.0 m high access decline being 
extended from existing underground workings on the 3000L down to the planned GBC upper infrastructure 
on the 2805L. From the end of this decline, two 300m long Alimak raises will be excavated from the 
Grasberg Rail Terminal to provide paths for ventilation, muck transfer and water drainage. 

The goals of the Grasberg Access and Ventilation Decline are primarily to provide flow-through ventilation 
conditions in GBC upper and lower infrastructures (years 2008 to 2010) increasing airflow from 50 m3/s to 
120 m3/s, and alternative access for upper GBC development activities, critically during the 9-12 month 
period where AB Adits access will be blocked off for rail track installation. Additionally the decline will 
provide a diamond drilling platform from within the GBC upper infrastructure for the benefit of gaining 
improved knowledge of the latent ground conditions for the GBC infrastructure. 

As of December 2007, the decline face has been developed 600 m, with an additional 600 m required to the 
completion in July 2008, which will coincide with the arrival of the Alimak vent raise from the Grasberg 
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Rail Terminal to provide the flow-though ventilation path. A 300 HP fan will be installed at the top of the 
vent raise to downcast approximately 150 m3/s of air from the Grasberg Access and Ventilation Decline and 
out the AB Adits by the 1st September 2008. This ventilation regime will remain until the Grasberg 
Ventilation Declines GVD#1 and GVD#2 are completed in 1Q2010. 

 

Figure 5 Grasberg Access and Ventilation Decline  

2.3 Surface & Underground Rail Construction 
The primary objective of the CIP’s Surface and Underground Rail Construction is the provision of the Ali-
Budiardjo (AB) Railway, a rail transportation system for the movement of personnel, materials, and 
development waste between the Ridge Camp Rail Yard and the future underground mines. 

The AB Railway when completed in 2011 will be the primary supply and transportation system for the 
resources required to develop and sustain the 240,000 tonne per day underground mining activities. The 
development of the AB Railway is primarily driven by the requirements of the GBC, with secondary drivers 
being the Big Gossan, MLZ and KL mines. 

The Surface and Underground Rail Construction scope deliverables are the engineering, procurement and 
construction of: 

• An inherently safe and efficient rail transportation system 

• 10 km of underground 1435 mm gauge main track including 750 V electrification 

• A fleet of rolling stock for the transportation of personnel, materials and development waste muck 

• Surface and underground infrastructure to support the railway operations and maintenance 

• Workforce training and skills development to support railway operations through start-up 

The rail system from 2014 onwards will expand into a network of 18 km of main track with additional 
underground rail terminals for the MLZ and KL mines, along with further rolling stock purchases to meet 
transportation capacity requirements. See Figure 3. 

Grasberg Access & 
Ventilation Decline 

Grasberg Rail Terminal

Ventilation & 
muck raises 

Existing underground workings 
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2.3.1 Rail System Duty Estimates 

Investigations were undertaken to identify, categorize and quantify personnel, materials and waste muck 
transportation requirements from 2010 to 2041. Sources of information included individual mine related pre-
feasibility and feasibility studies, bench-marking with existing operations, and practical considerations. 

The results of these investigations were tabulated as Rail System Duty Estimates, a year by year presentation 
of average daily transportation estimates for each transport medium type (e.g. personnel numbers, waste 
muck tonnes, cement tonnes, etc.). The year 2022 was identified as the busiest year in terms of personnel and 
materials transportation when all four underground mines are producing ore, and the peak years for muck 
haulage being 2011 and 2014 reflecting the aggressive development plans for the GBC. 

The peak rail system transportation requirements for each transportation category were identified as: 

• Personnel (1,600 personnel/shift in 2022 @ 3 shifts/day) 

• Materials (50 x flatcars/day in 2022 – one flat car equivalent to a 20 ft shipping container) 

• Development waste (3,400 tpd in 2011 and 3,500 tpd in 2014) 

• Explosives (23 tonne/day – 4 wagons) 

• Bulk Cement (170 tonnes/day in 2014) 

• Stone Aggregates (560 tonnes/day in 2014) 

The Rail System Duty Estimates were then applied as the baseline data for developing a simulation model of 
the AB Railway to provide an understanding of the way the rail system would operate over its life to 2041. 
Train services were modelled as two distinct types: Scheduled Services where trains depart terminals at fixed 
scheduled times for Personnel and Explosives services, and Demand Driven Services where the train services 
are determined by the generated demand during the shift, such as for materials transportation and waste 
muck haulage services. The simulation assisted in identifying potential logistical and movement constraints 
and limitations and to develop optimal train sizes and configurations. The optimal train consists for 2018 are 
presented in Table 1. 

Table 1 AB Railway train consists for 2018 

Train Type No. Train Consist  Rolling Stock Fleet 

Muck Trains 1 
2 x 36 tonne locomotives 
10 x 20 cu.m muck cars 

2 x 36 tonne locomotives 
10 x 20 cu.m muck cars 

Personnel Trains 3 
1 x 36 tonne locomotive 
8 x 30 personnel carriages 

3 x 36 tonne locomotives 
24 x 30 personnel carriages 

Materials Trains 3 
1 x 36 tonne locomotive 
5 x 30 tonne flatcars 

3 x 36 tonne locomotives 
15 x 30 tonne flatcars 

2.3.2 Track Design 

The main driver for the design of the AB Railway’s track structure is to ensure the highest levels of safety 
and operational efficiency whilst maximizing availability over the 40 year design life. These concerns 
translate into the requirement for a highly robust and reliable track structure requiring minimal maintenance.  

Typical rail track gauges vary between 914 mm narrow gauge commonly used in the mining industry with 
1435 mm standard gauge for freight and passenger railways being commonly used across North America, 
Europe and Asia. Given the relatively heavy haul nature of the AB Railway supporting 25 tonne axle loads 
along with the desire for increased stability and commonality with standard rolling stock, 1435 mm is 
selected for the AB Railway. Either 136RE (136 lb/yd) or UIC60 (60 kg/m) section rail will be selected. 

Direct fixation slab track was selected for all underground main track sections and underground terminals 
because of the minimal maintenance and high availability it offers, and ballasted track to be applied for all 
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surface areas in the Ridge Camp Rail Yard where only slow train speeds of 15 - 20 kmph are required and 
some differential ground settlement is likely over time. Track turnouts have been designed with the 
application of #10 turnouts in all main track sections where 40-50 kmph speeds are planned with #8 turnouts 
in all terminals and surface facilities being lower speed areas. 

          

Figure 6 Examples of ballasted track (left) and direct fixation slabtrack (right) 

2.3.3 Tunnel General Arrangement 

The sections where underground main track are to be installed will consist of a dynamic clearance envelope 
for rail vehicles of approximately 3.4 m wide by 4.0 m high, the slab track structure being 3.0 m wide by 0.3 
m high, the overhead contact system (OCS), and a walk way on one side of the track with an open drain on 
the other side, both being protected with derailment guarding. Additionally, pipe racks to support three 560 
mm and one 450 mm HDPE drainage pipes are to be installed. These pipes will allow the KL and GBC to 
gravity drain the high water inflows that will be encountered as each mine’s cave zone enlarges. 

2.3.4 Signalling & Train Control 

The signalling and train control system is a critical component of safe and efficient modern railways 
representing a significant investment in installation and ongoing support costs. The AB Railway’s train 
control system will feature track-side and train-borne signalling devices, a centralized interlocking system, 
SCADA traction power control, radio communications and critically Automatic Train Protection (ATP) that 
ensures the safety of the workforce and rail assets by minimizing the risks of train driver miscalculation or 
manual signalling errors that could result in train collisions. 

2.3.5 Rolling Stock Selection 

The rail construction feasibility study evaluated a number of rolling stock manufacture’s products and in 
conjunction with the Rail Simulation Study defined the train consists presented in Table 1. A potential 
locomotive suitable as the work-horse for the AB Railway is the Schalke 36 tonne shown in Figure 7.  

 

Figure 7 Schalke 36tonne dual-system locomotive 
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2.3.6 Underground Rail Terminals 

A conceptual layout for the Grasberg Rail Terminal is presented in Figure 8. Primary personnel and materials 
access to the GBC mine is through the service shaft connecting the Grasberg Rail Terminal at 2540L to the 
GBC’s upper infrastructure levels. The terminal features dedicated track sidings for personnel transfer, 
materials handling and waste muck loading to enhance safety and minimize congestion. 

. 

 

Figure 8 Conceptual Grasberg Rail Terminal (2540L) Layout 

3 Grasberg Ventilation Declines (GVD#1 & GVD#2) 
Since mid 2006, two of the ultimately planned eight Grasberg Ventilation Declines (GVD’s), GVD#1 and GVD#2 
are being excavated 2.8 km from the Mill Concentrator area down to the GBC upper infrastructure. The GVD’s 
will assist the early development of the GBC by providing increased ventilation capacity from 120 m3/s to 
400 m3/s, thus allowing simultaneous multiple heading development and construction. 

The GVD’s are designed along the same general arrangement as the AB Adits; being 6.8 m wide by 6.0 m high 
headings with 30 m between their centrelines. Muck bay spacing is reduced from 200 m to 130 m due to the steep 9 
– 12 % declining gradients, with cross-cuts spaced only every second muck bay at 260 m to reduce development 
meters and ventilation air leakage. The GVD’s will ultimately be benched to dimensions 6.8m wide x 9.0 m high to 
meet the planned 2,800 m3/s airflow requirement when the GBC reaches full production in 2022. 

The project has been challenged by very poor ground conditions and intersections of areas of high water inflow 
rates. These issues are expected to dissipate as ground conditions are predicted to improve deeper into the mountain 
side allowing the completion of GVD#1 and GVD#2 during 1Q2010.  Figure 8 presents the ultimate ventilation 
system plan for the GBC. 
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Figure 8 Ultimate layout of the Grasberg Ventilation Declines 

Summary 
PTFI has initiated two major projects, the Common Infrastructure Project and the Grasberg Ventilation 
Declines that when completed in 2011 will support the Grasberg Block Cave mine development with reliable 
gravity drainage, multiple level personnel and equipment access, emergency escape, ventilation and services. 
The pro-active measures will help ensure the GBC‘s production schedule commencing in 2015 is achieved.  
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Abstract 
For modern underground mine communication, today systems basing on the Ethernet standard are used. 
Even if such networks are used as the only underground communication system, they require a substantial 
investment into passive and active components distributed in the mine. 

The return on investment for this infrastructure can be increased by adding mining specific value to the 
underground network infrastructure thereby saving cost and maintenance effort for equipment and systems 
which otherwise would have to be purchased separately. 

This paper points out the mining specific added value of underground network installations and the benefits 
such integrative systems have for overall optimization of underground mining processes.. 

1 Introduction 
In mining, infrastructure cost is essential. Since devices in harsh environment always are connected to high 
basic cost for environmental protection, a communication system should be a multi purpose system capable 
of transferring all types of information like data, voice and video on one single, price efficient and standard 
compliant infrastructure. Additional mining specific functionality is highly appreciated in order to increase 
the value of the overall installation. 

Many attempts have been made in the past decade to achieve the goal of integrative communication. 
LKAB’s COM2000 project [Wigdén, 2001] is just one example. All these projects have in common their 
individual design resulting in high cost for development, implementation and service. Other systems like 
“Leaky feeder” based RF communication systems are established on the market however they are not able to 
meet today’s demands on bandwith any longer. 

At the same time, new technology has evolved in the area of commercial networking. Using Ethernet and 
“IP” protocol based networks as a price efficient carrier for multi purpose communications even in technical 
applications is a standard philosophy in other industries and for private use. Ethernet by now is broadly used 
in technical applications throughout many industries. 

Wireless LAN acc. to the IEEE802.11 range of standards is broadly known as the media for wireless 
connections to the Internet or to any other Ethernet network. 

In the future, further productivity gains of mining operations will be achieved by high level automation and 
total process optimization. This results in dramatically increasing demands on communication and 
bandwidth. Communicated information will also be used for real time optimization of the mining production. 
The IREDES standardization initiative is under way to enable the equipment to “talk” to central computer 
systems using one single standardized “language” to enable a seamless end-to-end information flow [Olsson, 
2005]. By using standardized application level information exchange related cost will be minimized. 

An important future requirement is the availability of communications and localization of miners and 
equipment in case of emergencies: Recent mining fatalities and resulting legislation in the USA have shown 
the necessity of such functionality. This however means that also the communication system as such has to 
be regarded part of the mine’s safety system. 

To reduce cost all these requirements should be met by one single extremely reliable multi purpose 
networking system which pays off by productivity gains and cost savings in operations, so the gain in safety 
and the fulfilment of related regulations will be possible at minimized additional cost. 

.  
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2 Modern Communication System Design for a Mining Environment 
In an office environment, the “star structured” Ethernet network design is perfect: All devices are by 
individual cables coupled to a switch which in turn is coupled to a switch on the upper level and so forth. 
This also relates to the wireless Accesspoints being part of this star like backbone structure (Pic. 1a). 

A mine however consists of tunnels in various length with wired and wireless networking devices to be 
connected in those tunnels. Setting up star like network structures in such an environment would mean high 
cost for cabling and active devices needed. Therefor, MineNET combines device functionality so devices can 
be daisy-chained in order to reduce installation effort and to make the network literally follow the mines 
layout (Pic. 1b). 

 

 

Figure 1 Star Network versus daisy chained network structure in a mine: 
1a left: Star network 1b right: daisy chained (ring) network structure 

The hard demands on functionality, reliability and safety require an extraordinarily consequent network 
design. This design in many cases ends up with three different generic use cases for underground 
communication: 

• Automation (real time critical) 

• Safety (very high demands on survivability and reliability) 

• General IT “underground intranet” (incalculable bandwith behaviour) 

In many cases, for each of these use cases a separate network will be designed: 

These (up to three) networks are running in parallel, if required on separate hardware or using different 
virtual LAN’s with a strict management of the relevant Quality-of-Service (QoS) parameters. For 
redundancy reasons the network hardware can be set up as ring structures. 
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Präsentation MineNET.ppt-P3

 

Figure 2 Different Underground Networks 

2.1 The Automation Network 
The automation network is used for all real time critical communication as e.g. for Machine Remote Control 
or as communication of timing sensitive information between distributed automation systems. 

The Automation Network is running on a limited bandwidth philosophy so the real time behaviour can be 
statistically assured (“quasi-deterministic” behaviour). 

2.2 The Safety Network 
The safety network runs all communication which may be subject to local safety approvals by authorities 
like voice communication (Telephony, PA systems etc), tracking of underground personnel or forwarding of 
information from ventilation and gas sensorics. 

In case of an underground emergency and related power loss, at least the safety network is designed to 
survive for the amount of time required by authorities. 

2.3 The IT Network 
The IT network covers all remaining network traffic like file transfer, access to the Intranet, mobile personal 
IT application for the miners using PDA’s, Pocket PC’s or notebook computers. 

In this network a certain bandwidth is available for all IT traffic. However the network behaviour is not 
strictly controlled so latency times and throughput may vary dependent on the current network use. 

3 Wireless LAN 
Wireless LAN is increasingly used under ground for nearly all purposes of wireless communication 
including wireless telephony, tracking, machine communication and mobile data access. 

3.1 Underground WLAN design 
When designing underground networks, special care has to be taken on the coverage design of the wireless 
network. First, the mine has to decide which areas should be completely covered and which areas are to be 
connected using a “HotSpot” like layout. As the coverage per Accesspoint is highly dependent on the mine’s 
tunnel cross sections, the intended applications and the choice of antennas the final coverage plan usually is 
established during an on site evaluation. 

In earlier applications usable coverage of up to 300m per accesspoint in straight tunnels was achieved. 

RF disturbances in tunnels are common due to the multipath feeding effect where the signal is received 
multiple times due to the signal bouncing forth and back in the tunnel. It has shown that a direct line of sight 
between the client device and the access point in any case is recommended for best possible performance. 
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The different networks for Automation, Safety and IT can be mirrored on the wireless network by assigning 
different RF channels to different networks or by using different frequency bands. 

3.2 The Network Node 
In order to integrate the WLAN base stations into the MineNET backbone, they are set up as universal 
networking devices (“NetNodes”) consisting of: 

• An Ethernet switch with direct hookup to a fiber optic or copper based backbone 

• One or two independent WLAN interfaces for interference free parallel use of different network 
types. 

• A central CPU for switch and WLAN management and extended application functionality 
(tracking,…) 

• Optional mining specific addons (as e.g. sensor interfaces and battery backup) 

• Optional extension unit with up to six additional fiber ports enabling to close up to two Ethernet 
rings at the device 

Using this principle of “daisy chaining” the WLAN capable network nodes right into the wired 
infrastructure, dedicated Accesspoints do not need to be connected to the next switch via (long) cable lines in 
a “star” like network layout. 

At the same time the network nodes become the (wired or wireless) entry point to the network for additional 
distributed information available throughout the mine. Thereby this distributed networking component has an 
important additional function for the acquisition of e.g. ventilation and gas sensorics information and it 
provides this functionality at marginal additional cost compared to alternative solutions. 

3.3 Roaming 
When moving machinery operates under ground, it seldomly moves within the coverage area of one single 
WLAN Accesspoint (AP). Moving inside another drift often also means that the data traffic has to be 
transmitted via another WLAN base station (Accesspoint). This process of moving from one accesspoint to 
another is called “Roaming”. 

As the WLAN standard originally was not designed to be used for mobile machines, the roaming algorithm 
used by most implementations is quite simple: As soon as the client (machine) looses it’s connection to an 
Accesspoint, the client starts searching (“scanning”) for another Accesspoint within reach. After having 
found an AP, it connects to this accesspoint and data traffic is ready to continue. 

This handover may take up to several seconds and is completely insufficient for mobile machinery which 
may be even remote controlled with an operator watching the machine via video. 

To solve this problem, a special roaming function was developed which does not need the time consuming 
search procedure and optimizes the handover itself. Using this fast reliable roaming, handover latency of 2-5 
msec can be achieved which leads to an invisible roaming even in video streams. 

This “ROAMEO” function neither needs any modification of the accesspoint infrastructure nor does it 
impose alterations to the WLAN standards. 

4 Telephony and P/A integration 
One goal of installing an universal underground network is the use for telephony and Public Address (“P/A”) 
systems. For this purpose the Voice-over-IP (“VoIP”) technology is being used. This is the standard used for 
“Internet Telephony” as well as for nearly all private and public digital telephony systems. 
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For this purpose, wireless handheld VoIP telephones as well as stationary Ethernet phones become available 
now which are dedicated for the underground use.  

 

Figure 3 Fully digital underground PA systems integrated with VoIP networked telephones 

Using wireless handheld devices under ground together with a VoIP gateway above ground in the future will 
be combined with VoIP based P/A systems e.g. installed along conveyor belts or in fixed underground 
installations. Thereby no separate P/A infrastructure is required and speech quality is excellent independent 
from any cable length 

This system developed by Becker Mining Systems AG also uses the fiber optic Ethernet infrastructure and 
can be ideally combined with the underground MineNET WLAN infrastructure. It integrates PA systems 
with modern wired and wireless VoIP telephony. Phone calls right into the P/A system will be possible as 
well as centralized dispatcher units located anywhere in the company's Intranet. By this fully digital system 
all the cable length restrictions from traditional P/A systems can be dissolved. 

4 Network Management 
In MineNET, network and infrastructure supervision and administration is regarded integral part of mine 
operation and overall mine process control. This gives a large amount of additional functionality and 
information which is vital for future oriented mine operation and mine process optimization: 

• Getting to the point on the first sight: Visualization of the network online status right within a 3D 
mine operations visualization tool like MineVIEW (see pic). 

• Rapid discovery of true causes for malfunctions: Switching to the power supply layer in the 3D mine 
visualization tool may show that the suspected Network node is out of power: An electrician is 
needed rather than a network specialist! 

• As the network can be “mirrored” mathematically in the MineVIEW program, underground hazard 
locations can be discovered basing on “missing link status” from connections between the network 
nodes 

• Automatic reconfiguration in case of extraordinary operation situations 

• Automatic check of configuration consistency before sending a configuration to the device 
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Figure 4 Underground Network Status in MineVIEW 

This integration of the network administration and management into the mine process operations gives a lot 
of benefits in the operations of the mine: 

The visualization of all tracking information runs right in the mine’s up-to-date 3D model. As this software 
is also used for network node administration, tracking information can be linked to the local network status 
to show tracking data relevance (e.g. when network nodes temporarily are switched off or out of power). The 
visualization then can also force the network nodes to reconfigure into specific “safety modes” or to 
reconfigure the surviving network after an underground emergency. 

Especially the extended safety functions in the future will become a crucial part of the location based central 
network administration: The network nodes can be forced to send emergency messages to the miners’ 
personal device and the central visualization is able to calculate individual and dynamic escape routes for the 
miners in order to lead them safely to the safest exit. For this purpose also the underground network nodes 
can be used as navigational aids to guide people safely to the exit even if they are not very familiar with the 
underground locations. Becker Mining Systems will put a major development effort on network related 
mining safety functionality in the years to come. 

5 Application Examples 

5.1 Mine Networks in RAG 
The safety network runs all communication which may be subject to local safety approvals by authorities 

In a recent application at RAG Deutsche Steinkohle AG (RAG) in Germany, the world’s largest underground 
WLAN network has been built up in their hard coal mines: In RAG more than 200 Access points are 
currently used for logistics applications and material tracking as well as for telephony and for connecting 
fully automated underground monorail trains with the control room. 

For this purpose, The Becker Mining Systems subsidiary Embigence designed an intrinsically safe WLAN 
access point (see picture 2). This access point consists of the access point together with an integrated switch 
and media converters to directly attach the unit to the mine’s fiber optic network. 

Two fiber optic ports are provided to enable an easy installation in the drifts by simply chaining up the 
access points along the fiber optic network. A third fiber port is provided as option to enable branch lines as 
well as the connection of stationary underground PC’s. 
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The units are in use since September 2005 and have shown their performance and reliability of the design 
since then. The access point has an ATEX type approval certificate as intrinsically safe system allowing it’s 
use throughout the entire coal mine. 

 

Figure 5 Underground WLAN Network Node 

5.2 WLAN for longwall shearers 
Recent developments also include the use of WLAN in longwall installations: The Becker Mining Systems 
subsidiary Embigence designed the first application together with the shearer manufacturer Eickhoff for a 
longwall in the Slowenian “Velenje” coal mine in 2006. The system is using two WLAN accesspoints in a 
150m long longwall. In this application the shearer permanently exchanges information via this link with a 
central PC located in the headgate. Also this application is running since August 2006 and has shown reliable 
function even in this extremely harsh environment. 

Antenna

Antenna

 

Figure 6 Antenna mounting on Longwall Shearer 
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Other applications carried out include remote control and video applications over WLAN for world leading 
equipment manufacturers. Furthermore, standard products are available for machine communication, 
telephony and personal mobile computing. 

5.2 Autonomous Monorail 
The presented system of a fully automated monorail train is used for underground material transport. As this 
is a very complex project, the discussion in this paper is limited on the system integration relevant parts: 

The entire system consists of a mobile local area computer network on the machine and central IT 
components in a control room. All communication is carried out via Ethernet technologies using wireless 
LAN and a fibre optic backbone. 

An additional challenge of this application is the fact that the train runs in potentially hazardous environment 
in a coal mine. So all equipment used is subject to “Ex” approval. 

EPDS03Sdc03SpecFahrauftr.sxi-P19
Fahrer

mit PDA

MVCI
Bridge

Maschinen-
steuerung

(MVCI)

Radar

Sc
hu

tzf
el

dv
er

le
tzu

ng

Vollautomatisierte EHB
1

MT 1 MT 2

FK 2FK 1

I/ O
Display

I/ O
Display

LM-Abtastung

Komm.-
Gateway

WLAN AP /
Antenne

Laser

Mic
Lautspr

Radar

Sc
hu

tzf
el

dv
er

le
tzu

ng

Komm.-
Gateway

Laser

Mic
Lautspr

Ethernet 802.3 100BaseT
entlang des Zuges

Ethernet-Service-Access
(für Übertage-Einsatz)

1

LM-Abtastung

Maschinen-
server

 

Figure 7 System overview autonomous monorail on board systems 

The system on the machine consists of four computers used for different application purposes: 

 Two combined video server / communication gateways located on either end of the machine, close to the 
traditional operator cabins 

 One Machine Web Server acting as application server towards the IT clients accessing the machine and 
as IT level machine application controller. 

 One Machine Controller Bridge communicating with the machine's proprietary electronic controller and 
providing the process image to all other computers in the machine's local network. 

Additionally, an „Application Server“ is used in the control room to physically separate the machine network 
from other networking infrastructures and to coordinate the traffic of multiple machines. 

Communication in this system is solely carried out via Ethernet and underground wireless LAN. 
Communication between the machine's network and the above ground Application Server is run via a VPN 
which assures network security and data compression. A separate Multi Path Routing Application is being 
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used to enable a fully redundant application level communication from both ends of the train to the stationary 
network 

As all communication is carried out via WLAN this also applies to the use of video information, which is 
being used for remote machine supervision as video-on-demand functionality. 

On application level all information exchange between the machine and external IT-systems is exclusively 
performed using principles from the international IREDES standard. This also relates to the online 
information exchange of real time process and status information, which was prototyped within this project. 

As user interface, web technology is used exclusively enabling the use of standard web browsers and other 
thin client technology for the accessing computers. By this technology, all application information is stored 
on the machine itself which leads to reduced administration effort and minimized problem potential if 
machines with different software versions have to be run in one single fully automated infrastructure.  

The system is designed for a machine to autonomously complete a transport mission. During this mission, 
human assistance may be required to load and unload containers. The responsible in-field staff is notified 
about an upcoming interaction with an autonomous train via their mobile computing devices (e.g. ATEX 
rated Pocket PC): The machine e.g. ten minutes prior to arrival sends a message to this Pocket PC. On this 
message the staff is informed about when the machines arrives at what position and what kind of activity has 
to be performed. Such an activity can be „unload container 2“ or similar. 

In this project a large number of new components and technologies were integrated into a fully automated 
underground mobile machine. For these reasons this project for the time being can be seen as one of the most 
advanced underground technology projects worldwide. It got awarded an innovation award in 2007. 

6 Conclusions 
Ethernet based networks are the technology of choice for up-to-date and future oriented, universal 
underground communication. Such networks should be designed in an integrative way in order to enable 
network status and configuration information to be integrated into coming process optimized mining 
operations. 

This is of special interest when the network infrastructure and especially its active components beside their 
networking tasks can be used to provide additional benefit to the mining operations: Tracking information to 
be generated by the mining infrastructure saves the investment into a separate tracking system and no 
separate client devices are needed. 

The same relates to an integrative, location based status visualization and network management right from 
within a 3D mine process visualization software: This software can be used for infrastructure management 
and to display tracking information in one single tool which outover this can be used for overall mining 
process management. 

Numerous application examples show that the investment into a dedicated value added mining network pays 
off in daily operation.  
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Abstract 
Mining companies in collaboration with mining equipment manufacturers are currently investing heavily in 
the development of mining automation systems for underground mines to improve not just their safety, 
efficiency and cost effectiveness but also improving the overall profitability of their operations. They are also 
looking towards automation in order to assist with the skills shortages the mining industry is experiencing. 
Furthermore, underground mining environments are becoming more demanding for mining equipment and 
personnel as these mineral resources become deeper and are located in weaker ground with more extreme 
environmental conditions. Most of these resources will also be mined using various types of innovative 
massive mining methods that lend itself better towards automation than any other mining method.  

The loading and hauling activity also represents a significant component of the entire mining production 
cycle for an underground mine and automation of these activities can offer considerable benefits to the 
operation. 

Sandvik has a long history and extensive experience in the development, implementation, and support of 
loading and hauling automation applications in the underground mining industry since the late 1980s. 
Sandvik has also participated in various Research and Development programs leading to the development of 
an integrated loading automation system in 1999 and later the expansion of these capabilities to a hauling 
automation system in 2001. 

This paper will provide an overview of AutoMine®, Sandvik’s solution for loading and hauling automation, 
and will also present the associated benefits it provides to an underground mining operation. The paper 
continues further by describing the current applications of the AutoMine® system and also briefly describes 
the drivers for loading and hauling automation and the associated challenges faced when implementing and 
operating such a system in an massive mining environment. 

The paper then concludes with taking a look into the future needs and requirements for mine automation in 
massive mining. 

1 Introduction 
Sandvik has accumulated a long history and experience in loading and hauling automation in underground 
mining. Since the late 1980s Sandvik has participated in several major R&D automation programs leading to 
the commencement of the development of an integrated system for semi-automated loading in 1999. 
Development work was later conducted to expand the capabilities of the system for automated hauling 
during 2001. The first phase of the system was completed in June 2004 in South America at Codelco’s El 
Teniente mine where it continues to operate in a full-scale production environment and is being expanded as 
the production area enlarges. Similar systems have been delivered globally and are operational in North and 
South America, Africa and Europe. 

The AutoMine® system is a highly innovative automation system where operators, (who normally would 
drive heavy-duty equipment underground in the case of manual operations) can now sit in the comfort and 
safety of an air-conditioned control room located at a remote site on surface or underground. From the 
control room the operator can simultaneously monitor the movements of a fleet of computer controlled 
loaders or trucks hundreds of meters below the surface. These loaders or trucks navigate their routes between 
the load and discharge points under the control of an onboard navigation system. Whilst trucks are fully 
automated, loaders are semi-automated as the loading component of the load-haul-dump cycle is performed 
using teleremote operation from the control room. A supervisory system manages the traffic and monitors all 



 

 494

the equipment. Mining automation offers several benefits, mainly increased fleet utilization, improved 
working conditions and safety, increased production, reduced maintenance costs, as well as optimized 
tramming speeds and smoother equipment operation. 

2 Current AutoMine® operating sites 
Various AutoMine® systems have been implemented and commissioned worldwide at massive mining 
operations and these are described below: 

2.1 De Beers – Finsch Mine, South Africa 
Finsch Mine, owned and operated by De Beers, is located in the Northern Cape province of South Africa 
approximately 165km West of Kimberley. The current mining operation employs a panel caving operation 
producing in the order of 16,000 tons per day and has been in production for well over three years. A total of 
302 production draw points are located within 11 extraction tunnels and diamond bearing ore is also re-
mucked from four undercut ore passes. Sandvik TORO 007 loaders tram the loaded ore to five designated 
split level transfer points located on the perimeter of the ore body after which the ore is dumped into Sandvik 
TORO 50 dump trucks. These dump trucks then haul the ore and dump into the primary crusher located at 
the shaft which is located approximately 800m away from the ore body. 

Commissioning of the AutoMine® Stage 1 system at Finsch mine commenced during the middle of 2005 
and was completed during December 2006. This system was planned to be implemented in various 
implementation stages. During the first stage only the dump trucks were automated and in addition location 
and production tracking of all the production loaders in Block 4 was included with the system. This manual 
tracking was considered a very important aspect in the operation and management of this 100m blockcave. 
Stage 2 would involve the automation of only a few loaders together with the automated dump trucks and 
finally Stage 3 will be the automation of all loading and hauling resources underground in the blockcave. A 
single semi-automated Sandvik TORO 007 loader was added to the system during 2007 and operates on the 
undercut level of the mine. Based on the performance of the semi-automated loader, a decision will be made 
on the commencement of stage 2 which would see the introduction of semi-automated loading on the 
extraction level of the mine. 

2.2 Codelco – El Teniente, Chile 
Codelco’s El Teniente copper mine is located near Rancagua in Chile and has successfully been using the 
AutoMine® system since June 2004 in the Pipa Norte production sector where a panel caving mining 
method is applied. The system controls three semi-automated Sandvik TORO 0010 loaders under the 
supervision of a single operator from a surface control room some 10 km from the underground operations. 
The loaders transport ore from nine extraction drives into a crusher which is currently accessed from two 
directions. During the first half of 2008 the system will be extended to cover the entire production sector of 
14 extraction drives and a third access to the crusher will be included. 

A second AutoMine® system was commissioned in El Teniente mine in the Diablo Regimiento production 
sector in April 2005. The system covers five extraction drives and controls three semi-automated Sandvik 
TORO 0010 loaders from the same control room as the Pipa Norte system. This system is currently not in 
operation due to operational inefficiencies experienced caused by large oversize rocks from the blockcaving 
area and its associated interferences with the efficient operation of the automation system. 

2.3 Inmet Mining - Pyhäsalmi Mine, Finland 
Pyhäsalmi mine is located in central Finland and is owned by Inmet Mining, a Canadian mining corporation. 
The sub-level stoping operation uses two single-loader automation systems which have been in operation 
since January 2005 and June 2006 respectively. The operator stations have been installed in vans as opposed 
to a surface control room. The vans are driven to the entrance of the sub-level and hence the loaders are 
operated local to the automated production area. Ten sub-levels have been equipped with the communication 
system which allows the system to be quickly transferred based on which stopes are in production. 
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Previously the mine was using radio remote control systems and with the introduction of the AutoMine 
systems, operators have better working conditions with improved safety. Ore recovery from the stopes has 
also improved and a productivity gain of approximately 25% has been realized over radio remote control. 

2.3 Barrick/Teck Cominco - Williams Mine, Canada 
Williams Mine is located near Marathon, Canada and is jointly owned by Barrick and Teck Cominco. The 
AutoMine system controls two Sandvik TORO 40 trucks operating in a haulage on the 9175 level. Trucks 
are loaded by a chute and transport the ore over 800 metres to a crusher. One operator located in the surface 
control room operates the system. The operator also tele-remotely operates the chute to load the trucks and 
the rock breaker over the grizzly at the crusher. The system was commissioned in June 2007 and is operated 
over the mine's two production shifts. One of the main advantages of the system is that the trucks continue to 
operate during blasting when no personnel are allowed underground. 

2.4 Sandvik - Tampere Test Mine, Finland 
Sandvik's Test Mine in Tampere, Finland, has been the development ground for the AutoMine system. 
Sandvik has actively participated in automation programs with several large mining houses since 1989 and 
this research led to the development of the first integrated loader automation system in 1999. In 2001, 
automated trucks were developed and integrated to the system as part of the development work conducted in 
the lead up to the project at De Beers Finsch Mine. The system now operates a Sandvik TORO 7 loader and 
is used as a platform for developing and testing future system developments and for demonstration purposes. 

3 Drivers and Benefits for Automation 
Various drivers and benefits for mine automation in massive mining exist but these are varied due to the 
application of this technology as well as the type of organisation implementing this technology. These 
drivers and associated benefits for underground mining automation are described below:-  

3.1 Effective Cave Management  
With the application of equipment automation in an underground massive mining operation, the effective 
management and control of a blockcave or a panelcave can be assured. Each and every load from the caving 
operation is carefully planned by a cave management system, optimised by a production control system, 
executed by the automated equipment and monitored by a supervisory system and later returned to the higher 
planning system for reconciliation. By ensuring that the planned and actual executions of the ore loading and 
hauling cycles are monitored and controlled, the future sustainability of a mining operations resource is 
therefore ensured. 

3.2 Lower Maintenance and Operating Costs 
There is reduction in maintenance costs due to the smoother running of the loading and hauling operations as 
well as a reduction in damages to equipment cutting down on maintenance expenses.  

3.3 Improved Fleet Utilisation 
There is an improvement in overall machine fleet utilisation resulting in increased production, lower overall 
system operating cost as well as an improvement in revenue due to these efficiencies. 

3.4 Improved Working Conditions 
There is also an improvement in working conditions whereby loading and hauling operators are now located 
in a safe and comfortable control room environment situated somewhere on surface or underground, away 
from dust, noise and heat. The removal of operators from the underground environment results in a definite 
reduction in occupational health related injuries for that mining operation.  
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3.5 Safety Management 
There is increased safety and management of safe working zones required when applying mining 
automation. This is achieved through the use of effective barrier systems which protects the automated 
production area from both unauthorized access by personnel and uncontrolled equipment exits. Whilst this 
may reduce some flexibility it provides a high level of control to ensure only authorised personnel enter 
production areas. 

3.6 Production Control and Follow-up 
There is also improved production control, with appropriate monitoring and follow up of all mining activities 
underground. Having full visibility and control of the production fleet provides a huge advantage in being 
able to coordinate activities and can reduce stoppage times which ultimately will result in improved ore 
extraction and recovery rates in the block or sub level caving mining methods. 

4 Challenges 
With the design, development, commissioning and operation of mining automation systems in underground 
mining operations there are clear and present challenges that need to be effectively addressed in order to 
achieve success and maximise the benefits through the application of this technology. The most significant 
challenges that will be encountered and should be addressed during the implementation and operation of any 
mining automation technology are briefly addressed below. 

4.1 Commissioning and Operation 
With the implementation of new technology there are various challenges relating to the management of 
stakeholders, training and support of the system that can not be overlooked, and these challenges can not be 
underestimated as part of the project schedule and activities. There is a definite lack of support for 
automation at operations due to various organisational issues such as a lack of understanding, the retention of 
critical skills and new inexperienced people taking control of the system. During the implementation of these 
automation systems the collaboration is at a peak level however at the completion and handover to 
operations there is a challenge to maintain this high level of collaboration between the operations and the 
supplier. Together with poor internal and external communication these can contribute towards a poor 
working relationship between the implementation and operations partners.  

To reduce or even eliminate these hurdles during implementation there needs to be clear commitment from 
the entire operations management team. Key internal and external stakeholders need to be identified and then 
selected, as well as appropriately trained and then ultimately retained in order not to loose critical skills 
required for the successful operation and support of the system. The needs and requirements associated with 
implementation have to be carefully considered and fully understood to avoid conflict between the different 
partners. 

4.2 Stakeholder Management 
With the implementation of automation in an underground mining operation there needs to be collaboration 
between many technical departments and divisions involved with this implementation. These departments or 
divisions provide input and critical feedback to the project in many ways, depending on their involvement 
and experience in the operation. A clear partnership between the implementation team, all the stakeholders 
and the supplier needs to be established and maintained throughout the entire system lifecycle.  

Also within the mining operation where this system will be deployed, all issues relating to the 
implementation of this automation system are to be adequately identified and addressed, as these directly or 
indirectly affect the efficient operation of the departments. The key to success for automation at the operation 
lies with the full involvement and effective training of all mining operations personnel directly or indirectly 
affected by the operation of this system.  
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4.3 Communication 
With the implementation of any new automation technology in any type of mining organisation, some degree 
of resistance to change clearly exists in these organisations. Usually these “new systems” are resisted due to 
the personnel’s doubt and disbelief in the advantages that these systems may bring about in their daily 
working lives, and only when tangible benefits can be seen or even realised by these people, support for this 
system will be generated.  

A critical aspect to be considered upfront during the design, development and commissioning of these 
mining systems, is that there should be strong and effective communication between all people affected by 
this change, as well as throughout the entire mining organisation. The project team and the stakeholders need 
to meet on regular intervals to share ideas and discuss all the aspects relating to the implementation and 
operation of this system. These meetings need to be facilitated by the implementation and projects teams 
together to ensure full commitment and buy-in by all stakeholders. 

4.4 Equipment Maintenance Challenges 
The maintenance of underground mining equipment needs to be carefully taken into account when 
automation is being considered for massive mining operations. This maintenance will ultimately impact on 
the total systems availability, its reliability and ultimately the operating cost of the system. The automation 
components on the equipment like the laser scanners, cameras and computers should not be the weakness of 
the equipment and needs to be adequately protected to prevent excessive downtime caused by the harsh 
operating environment. There also needs to be an accurate maintenance program and schedule as well as a 
critical spare parts philosophy to ensure continual operation of the system and all its parts.  

Capturing, storing and analysing downtime or operational delay data should be considered critical in the 
daily operation of these systems. This is required to analyse, optimise and improve the system’s diagnostic 
capabilities as well as eventually improving the equipment reliability in the long run.  

4.5 Mine Design Challenges 
The efficient design of a massive mining operation is an important aspect to be considered before any mining 
automation system is designed and operated. Many complexities as well as interferences that mining 
automation brings about could ultimately be addressed by the effective design of the mine. The entire 
operations cycle should be considered in this design. In many blockcaving operations, secondary breaking 
plays an important part in the overall production cycle and can have a huge impact on the productivity of the 
operation if not adequately addressed.  

Also the access of technical and maintenance personnel to the automation area should be effectively catered 
for in the design of the mine. With the effective design of the mine and all inter related activities catered for 
the performance and productivity of the automation system can be assured. 

5 The Future of Mine Automation 
Many mining organisation are considering equipment automation in projects planned for the future. This 
automation is considered critical in the safe and efficient running of their operations as well as the overall 
achievement of their ever expanding production targets. Some of these mineral resources are located in 
remote areas where skilled mining personnel are in short supply and difficult to attract. Some are located at 
huge depths where environmental factors will influence the effective operation of these systems as well as 
prevent manual operations. Some are located in very weak ground conditions which will dictate smaller and 
more effective equipment.These mining automation systems will have to be easily deployable as well as cost 
effective to operate, and maintain by relatively unskilled labour in remote areas. Legislation will become 
more strict in terms of environmental issues relating to diesel powered equipment as well as people’s 
exposure to the noxious dust and gases generated by these activities. 

All of these environmental aspects will have to be catered for in the design of mining automation systems. 
Suppliers will have to continuously research and developed new technologies to address these environmental 
aspects and improve operational efficiencies.  
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Integration of other equipment into the automation system is also seen as a development area. This will 
reduce disturbances to the systems and permit a more continuous operation. 
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Abstract 
Driven by the challenge to continuously improve mining processes, Hambach surface mine spearheaded with 
the concept of the digital mine: one database in which all existing relevant spatial data (mine plans, position 
of wells, position of excavators and spreaders etc.) is collected, processed (automatic update of the digital 
terrain model by monitoring the stacking and excavation process on-line) and made available (informative, 
interactive) to excavator and spreader operators in the mine and to mine planners, engineers and managers 
in the mine HQ. The digital mine makes the complex dynamic mining processes transparent and guarantees 
data consistency, irrespective through which window the different users make use of, and work with the 
digital mine. 

1 Introduction 
This paper focuses on the introduction of the concept of the digital mine as an optimisation tool in a surface 
mine near Cologne Germany. The mine, called Tagebau Hambach (Hambach surface mine), is the world’s 
largest lignite mine. The introduction of the digital mine in Hambach surface mine describes the introduction 
of IT into mining, not as a sensor to measure heat development of a piece of mining equipment, but as a tool 
to bring (foretold by NF 2000) more and more components of a mine operation “on-line”, and to link them 
through mine wide communications networks and GPS based dispatch systems, to optimise the entire mining 
process. An inquiry (NF 2000) among industry leaders revealed that unit-operations technologies in the 
mining industry are unlikely to change radically in the coming two decades. What is likely to change is how 
unit-operations will be managed. This can be achieved through the digital mine described in this paper. 

2 Hambach surface mine 
Hambach surface mine, one of three open-cast mines in the region operated by RWE-Power in North Rhine-
Westphalia, follows a long tradition of lignite mining in this region. Lignite is used to produce more than 
50% of the electric energy required by the industries and cities in North Rhine-Westphalia (18 million 
inhabitants, one of the 15 most important economic regions in the world). The mining district is located in 
between two „branches“ of the Rhenish Slate Mountains. During the Tertiary, the Rhenish Slate Mountains 
were weathered down. The sediments were transported and deposited by rivers traversing the plane area - 
which was subjected to tectonic subsidence - towards the North Sea. Lush vegetation developed on this plane 
and along the coastline. During trans- and regressions, processes promoting the development of marshes 
(Pohl 1992), the dying organic material turned into peat. Due to subsidence of the plane, thick (400 m) peat 
layers accumulated (Walter 1995). This peat was transformed into 100 m thick lignite deposits. Sand, clay 
and gravel accumulated during the remainder of the Tertiary and the following Quaternary, resulting in a 
several hundred meter thick overburden. Loess was deposited on top of these layers (ENB 2005). In the 18th 
century the lignite deposits close to the surface were mined by manual labour. At the beginning of the 20th 
century mechanisation started. The bucket wheel excavators (BWE), conveyor belts and spreaders, 
developed in close cooperation with the mining societies in the region, became more and more sophisticated 
during the 20th century. In the 1970’s the largest BWE ever built (operating weight: 13,000 metric tons; 
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production in sand: 240000m³/d) were constructed on the site of the present Hambach surface mine. Today 
these machines are still in operation and will be in action well into the 2040’s when the last of the lignite will 
be mined in Hambach surface mine. 

3 The mining process 
The required annual lignite production in Hambach surface mine, amounts to 40 million metric tons. With 
the current stripping ratio of 1 to 6, more than 240 million cubic meters of overburden have to be mined, 
transported and stacked each year. The major part of the excavated overburden, and after 2009 all of the 
overburden, will have to be deposited on the inner dump. Because of the size of the excavation equipment, 
not every sand and clay layer can be mined separately. Therefore mixtures of sand/silt and clay dominate in 
the daily overburden disposition. Depending on the water content, the relative content of sand to clay in these 
mixtures, the transportation distance from excavator to the spreader, the mixtures are thoroughly remoulded 
and, inherently, their consistency will change. The inner dump has a total height of 600 m, measured from 
the top of the dump to the footwall. The stability of this slope is very important. Therefore remoulded (weak) 
clay-sand mixtures cannot be stacked straightaway on the dump without taking any preparatory measures. 
The method used in Hambach to overcome this problem consists in creating large sand basins (length 
parallel to the conveyor belt: several km; height: up to 15 m; width: 70 to 90 m) on a spreader bench (A1 in 
figure 1), behind which the weak clay and weak clay-sand mixtures are stacked (B1 and C1 in figure 1). 

 

Figure 1 A view of a spreader bench. Two spreaders, I and II working on different benches are 
in operation. An example of the possible geometries overlaid on the photo illustrates the 
complexity of the build up of the inner dump. 

The clay basin must be covered (A1’ in figure 1) by sand, or sand-clay mixtures with a low clay content, in 
order to generate a stable basis for the following bench on the next higher level (spreader bench II in figure 
1). This system has been in use in Hambach for decades but optimisation in terms of decreasing the sand use 
with respect to the amount of clay, is an ongoing process, because the margins are not very wide: the ratio 
clay to sand that can be stored (30%) compared to the amount that is available in the overburden (28%, 
corrected for bulking) provides us only with a 2% (volumetric) margin. This margin is in reality even smaller 
because the factor time needs to be considered: in Hambach surface mine there are 8 BWE and 6 spreaders (a 
7th spreader operates in a nearby mine until mid 2009), one BWE is constantly working in the lignite, the 
others are dominantly removing overburden on a 24h, 7 to 7 basis. Each excavator can work up to 5 different 
slices in a face. Each slice can have a different material consistency and volume. Therefore 35 potential 
slices have to be distributed to 7 spreaders without ever halting the ongoing excavation and stacking process. 
But a spreader cannot handle every material at any time eg. only if a sand basin has been prepared, clay can 
be stacked. The logistics behind these processes must be optimised to guarantee the required lignite output, 
today and in the future. Moreover the system is very sensitive: if the guidelines for stacking the overburden 
(in terms of geometry and material consistency) are not followed exactly, either too much sand is utilised 
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causing sand deficits on the other benches or too much clay is stored. In the latter case the risk of slope 
instability increases. Another important factor is the accuracy of the geological model (at the moment based 
on reconnaissance boreholes made several years in advance of the excavation). If the accuracy of the 
geological model can be increased this will be beneficial for the daily mass disposition which is largely 
based on this geological model. Therefore the machine operators in the mine, the staff and management in 
the office have to be supported to optimise the material disposition and stacking technology.  

4 The digital mine 
The support mentioned in the previous paragraph has been shaped by relying on IT-tools. This is in 
agreement with the results of an inquiry (NF 2000) in which IT were cited frequently as one of the most 
important advances shaping mining and quarrying practices, since they enable both management and staff to 
monitor, evaluate, and adjust operations in real time to maximise productivity and minimise cost. 

Note that the introduction and diffusion of IT in mining has been slower than in other sectors, such as the 
petroleum and chemicals industries, in part because the mine environment presents unique and formidable 
challenges: mining equipment moves in a three-dimensional environment; the mine environment changes as 
mining proceeds; the mine environment is hostile to sensitive equipment; and the individual characteristics, 
and hence the requirements and restrictions for IT, of different mine sites vary widely (NF 2000). 

Based on IT, the digital mine gives machine operators on the line as well as facility managers real-time and 
interactive 3D access to information needed for planning, managing, and optimising mine operations. Why 
3D? Because three-dimensional graphical representation enables decision makers to quickly manipulate and 
understand complex spatial information that was formerly committed to paper (NF 2000). In addition on-line 
mass balances of the spreaders and the BWEs will run in the background and transmit mass balance 
information to other process optimisation tools.  

With this target at aim, the digital mine can be defined as follows: One database in which all existing 
relevant spatial data (mine plans, position of wells, position of excavators and spreaders etc.) is collected, 
processed (automatic update of the digital terrain model by monitoring the stacking and excavation process 
on-line) and made available in real time (informative, interactive) to excavator and spreader operators in the 
mine and to mine planners, engineers and managers in the mine HQ (headquarters). The digital mine makes 
the complex dynamic mining processes transparent (eg. mine plans are sent down to the mine, whereas the 
on-line digital terrain model is sent back to the HQ) and guarantees data consistency, irrespective through 
which window the different users make use of and work with the digital mine (figure 2). 

Set-up as described above, the digital mine collects all data and presents it in a three dimensional 
visualisation in the office world and outside for the operators of the large mining equipment. It uses the same 
data source, so all information is consistent. In this way the digital mine has an informative function. The 
way in which the information is presented is of course adapted to the working environment. Outdoors the use 
of mouse steering is not possible. Therefore the interaction with the data occurs through touch screens. 

In the three dimensional working environment the data can be used to perform linear and three dimensional 
measurements of length and volume. Therefore the digital mine provides not only information of the on-line 
mine status but can be used interactively. 

Another task for the digital mine consists in, by using it as a tool, digitising information previously only 
available in paper form, eg. the location and quality of in-mine gravel roads: gravel roads need to be 
constructed in the mine to allow for circulation of off road vehicles and other mining equipment. The 
location and quality of the roads are not mapped by the mine surveyors and the information about quality and 
location were only available in a single copy paper form. Towards the end of 2007 a tool was provided to 
draw this information in the three dimensional model of the mine by simple drag and drop functions. This 
information is saved into the database and can then be visualised by any user. In this way the digital mine is 
used actively to enter spatial data. 



 

 502

 

Figure 2 Targets/tasks given by the management to the operating force in the mine can only be 
fulfilled if information about the machines and the geology is available. This 
information can be obtained through the digital mine. Other information must be 
obtained by site inspection. 

5 Input for the digital mine 
Available spatial data 

In a surface mine like Hambach surface mine, which has been in operation for nearly 30 years much 
information is already available and most of it has a spatial character. Characteristic for mining operations is 
that the information contained in this spatial data changes on a daily basis. Examples of such data are: mine 
operation plans, information about the dewatering wells (their position, flow rate etc.), information about the 
position of the main excavators (the BWE) and the spreaders, information about the position of the auxiliary 
equipment (bulldozers, dumpers, graders, hydraulic excavators etc.), information about the actual and future 
position of the conveyor belts, information about the in-mine roads (location and condition) and location of 
access ramps, information of the actual linkage between the different BWE and spreaders, as well as monthly 
information like digital terrain models obtained by aerial photography and photogrametric interpretation. 

Some of this data is available in paper form, other is available digitally. The difficulty consists in 
transforming and exporting the data to the digital mine and making it available to the other users without 
need for additional manual operations. 

New spatial data 

As described above one of the targets of the digital mine is the automated update of the digital terrain model. 
For the excavators the method used to automate this process is simple and effective: By following the 
position of the bucket wheel excavator and by using inclinometers, the position of the bucketwheel itself is 
mapped. Where the bucketwheel has been, the volume is subtracted from the digital terrain model. Thereby 
the terrain model is constantly updated. For the spreaders the system requires more instrumentation: On the 
spreader side the mass movement is monitored by laserscanners mounted to the spreader boom. With the 
GPS system and inclinometers the position of the spread material is available real time in absolute 
coordinates updating the digital terrain model constantly. This short description shows that in order to obtain 
new spatial data additional sensors needed to be installed. GPS was introduced several years ago to measure 
the position of the bucket wheel excavators (Mr.Weber, RWE-Power). For this purpose a one-way (machine 
to office connection using radio waves) standard GPS-system - installed worldwide in bulldozers and 
hydraulic excavators - was used to determine the BWE’s position. This system has been upgraded since 
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October 2006 by a bidirectional system with a high availability and high reliability incorporating not only the 
BWEs but the spreaders too. 

Note that the position of the excavators and spreaders, more exactly the position of the bucket wheel and the 
stacked material, is important whether this information is obtained by GPS at present or by any other means 
(eg. deploying several long range 3D laser scanners around the rim of the mine) in future is irrelevant. 

All BWEs and spreaders had to be equipped with a glass fibre network, linking the systems on board to the 
LAN at the surface. At several positions on the machines there are hubs at which different sensors can be 
attached. An IP-address is allocated to all installed sensors. In this way the system is flexible and if changes 
in the arrangement or type or amount of sensors are necessary, these changes can be made without having to 
change the hard-wiring. In addition failure management can be performed by diagnosis or simple life 
checking (sending a ping) of the different sensors. 

As mentioned above, for the on-line measurement of the stacking process, the most complicated task, the 
following suite of sensors is needed: 2 GPS-antenna and a microcomputer, several inclinometers, two 2D-
laserscanners. In addition to this, one industrial PC and one touch screen monitor for each operator cabin is 
needed. 

 

Figure 3 Different additional sensors installed to monitor the stacking process: A) Inclinometers, 
B) Scanner cover C) Standard GPS system D) New mounts for scanners E) Hard 
wiring F) + G) Connection of the scanners H) 2D Laserscanner I) Fibre optic 
connection made in situ. 

These additional sensors must be mounted without interfering with the production in a 24h 7 to 7 working 
environment. A standstill for sensor upgrading is not possible. However every machine will be subjected to a 
regular minor maintenance check every 5 weeks and to major maintenance checks at much larger time 
intervals. These maintenance periods provide time windows which can be used to install the hardware on the 
machines and to have the hard-wire installed for the local network.  

Because these tools need to be function on a 24h - 7 to 7 basis, all equipment has to be selected and installed 
in such a way that failure diagnoses is fast and simple. Simple means that failure codes are displayed not as a 
code but in regular textural form. Other malfunctions, which origin could only be identified by the specialist 
data mining databases, have been analysed and software has been written in such a way that the 
interpretation is performed by this software. The failure source is described in regular textural form and can 
be accessed by the machine operators who can inform the different maintenance crews. 
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6 The digital mine at its current state 
At present the operators, shift leaders, planners, surveyors, project engineers and the management are 
supported by the digital mine through visualisation tools. These tools are described in this section starting 
with the tools for the shift leaders of the BWEs, followed by the applications for the shift leaders of the 
spreaders, the shift leaders of the auxiliary equipment, the operators of the BWEs and the operators of the 
spreaders 

- Shift leaders BWE: The mine operations continue at a 24h basis. With 8h shifts there is a change of shift 
three times a day. During this change of shifts the shift leader of the current shift has about 30 minutes time 
to explain the current state of the mine eg. the position of each BWE, the location of difficult overburden, 
etc. to his successor for the next 8h. The desk visualisation showing all spatial information of the BWE 
shown in figure 4 and figure 5 has been found particularly useful. This desk information does not only show 
information but it can be used to measure distances between any objects, heights and volumes. 

 

Figure 4 Change of shifts using the desk visualisation of the digital mine as s tool. 

- Shift leaders spreaders: With a similar desk tool the shift leader of the spreaders can obtain information 
about the position of the spreaders and has access to an automatic update of the digital terrain model because 
the stacking process is monitored on-line and the scanned surface is shown as well (figure 6). The 
information of the actual surface supports the disposition of the overburden on the different spreader benches 
enormously, because now it is known whether it is still possible to deposit clay into basins etc.  

- Shift leaders auxiliary equipment: To manage the auxiliary fleet (120 vehicles) efficiently, the position of 
these vehicles, the position of excavators and spreaders and the digital terrain model at present must be 
available. Therefore these vehicles have been equipped with low cost GPS sensors. This information can be 
accessed through the desk application shown in figure 7. This desk application is used to map the position of 
in-mine gravel roads as well. 

- Operator of the BWEs: In figure 8 the operator’s cabin of the BWE is shown. Via this visualisation the 
operator has access to the information contained in the digital mine. The same information as discussed 
above can be displayed (figure 5). However some information is deliberately omitted (eg. the position of the 
auxiliary equipment) and some data is shown more pronounced like the mine plan (transmitted automatically 
from the mine planning department). In detail the operator receives information about the position of the 
bucket wheel relative to this mine-plan. A light bar incorporated into the touch screen shows when the 
excavation process should stop to avoid over- or undercutting. The modelling of the cutting process is 
calculated on board of the machine, transmitted to the digital mine and is made available for all other 
applications.  

- Operator of the spreader: In the visualisation for the operators of the spreaders, various sections through the 
mine plan and the actual spread surface can be selected (figure 9). In this way the operator has immediate 
information about the geometry he should follow in order to deposit the material correctly according to the 
mine plan. The scanned surface, recalculated into a raster surface on board, is part of the digital mine and is, 
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as such, available to all other users and other programmes like future disposition programmes which are 
currently developed. 

 

Figure 5 Screenshot of the desk visualisation of the digital mine showing the BWE (A), the 
position of the BWE along the conveyor belt (D), the slice the BWE is excavating (B) 
and the position of two pieces of auxiliary equipment (C). In addition to this 
information the position of wells, the geology from the geological model, the mine plan 
etc. can be visualised. 

 

Figure 6 Screenshot of the 3D desk visualisation of the spreaders. Like for the BWE, the 
conveyor belt is shown (B). The actual position of the spreader is shown at A. The 
actual surface is depicted in light grey at C. The actual surface has been obtained by 
scanning using the scanners positioned at D. 
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Figure 7 This image shows the desk application to manage the auxiliary equipment of the mine. 
There are 120 machines (bulldozers, D9-pipelayers, dumpers, graders, vehicles of the 
fire department etc.). All these vehicles are equipped with GPS. The logistics of the 
deployment of all these machines is supported by this desk application. In this example 
the position of a Volvo L150 is shown at A. At B the conveyor belt is shown. A in-mine 
gravel road was mapped at C, and by a simple manipulation with the mouse another 
in-mine road is currently plotted in this three dimensional environment at D. 

 

Figure 8 Although the content of the information from the digital mine for the desk application 
and the BWE’s operator is identical, it is displayed differently: The mine plans (A) 
have a dominant position in the display. The distance from the bucket wheel to the 
mine plan is displayed at B and C: This is a support for the operator to keep to the 
mine plan. At D the service page with additional information (name and position of the 
current partner spreader, failure diagnosis screen) can be accessed. 
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Figure 9 To be able to scan the surface of the stacked material, laserscanners (D) have been 
attached to the slewing boom (A). Due to the slewing operation the 2D scanned path (C) 
of the scanners is used to generate a 3D raster surface (B, E). This raster surface is 
displayed in the operator’s cabin (G) together with the mine plan (H). In this way the 
operator can guide the boom (F) and use the display to spread the material according 
to the mine plan. A general overview of the spreader’s position with respect to the 
conveyor belt is available at I. At J the operator can obtain information about his 
partner BWE and the amount and type of material on the way to his spreader. 

7 The digital mine at present and outlook 
From October 2006 to October 2007 three spreaders were equipped with scanner and GPS technology and 
the visualisation tools. In this same period a fourth spreader was nearly completed. The installation of the 
hardware commenced on two other spreaders and will be completed in 2008. A 7th spreader, currently 
recultivating a mined out site near to Hambach surface mine, will be upgraded in 2009. Two out of 8 BWE 
have been upgraded in 2007 with the new visualisation and the bidirectional connection to the digital mine. 
The other 6 BWEs will be upgraded in 2008. Raster surfaces have been made available through the digital 
mine to all users. Especially for the overburden logistics this is an important benefit. A disposition tool is 
currently in development. This tool will be fed with the information deduced from the raster surfaces and 
will perform mass calculation from 2008 onwards. The mine planning departments have issued the wish to 
plan directly in three dimensions in the applications shown in figures 5 and 6. The programming of an 
appropriate tool was scheduled in May 2007 for 2008. The first step towards a genuine 3D planning tool in 
these applications (Figure 7) has resulted in the tool created to map the in-mine roads. This tool was realised 
in 2007. Because the mass movement by auxiliary equipment is not tracked (only low cost GPS is used), a 
tool is currently under development to incorporate this mass movement (eg. creation of an access ramp) by 
adding a simple interface into the programme shown in figure 7 allowing the user to choose from pre-defined 
volume elements. As discussed in section 3 an increased accuracy of the geological model would be 
beneficial for overburden disposition. A method that can be used to increase the knowledge of the geology is 
to ask the support of the BWE operators or spreader operators. The BWE-operators are working in the 
geology all year round and have a lot of experience therefore their input is valuable. The availability of the 
touch screens permits a user friendly input of geological material descriptions. The manual input can be 
reduced to a minimum because only deviations from the actual geology with respect to the geological model 
need to be registered. This information is stored in the digital mine and is available through interpolation - 
taking the dip and discontinuities into account - for excavation of the adjacent stretch of overburden. 
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Abstract 
Chile is well known as a mining country mainly because of large open pit mines and new projects. However, 
very few people know that there are as many as 38 underground mines operating in the country. 80% of 
them are applying stoping methods using long hole drilling. Depending on the size of the stopes or blocks, 
either top hammers or ITH (in the hole) hammers are used. Variation of drill hole diameters and its length 
gives the opportunities to make interesting comparisons. What type of drilling precision can be expected 
from semi horizontal long hole drilling, in what applications new powerful top hammer drills can replace 
ITH hammers? This and other aspects will be discussed in this paper. 

1 Introduction 
There is no doubt that stoping using long holes in underground mining is the most economic method, 
provided geotechnical conditions allow it, even more if there is the possibility to keep the stope open.  

Chile, in this sense is one of the privileged countries since in most mines the sublevel stoping method may be 
applied (Zablocki, 2005). From 38 of the most important mines in Chile, the majority use this method (Fig. 
1). Until the beginning of the 80’s in Chile pneumatic drilling with top hammers dominated the market. The 
introduction of hydraulic drills rapidly changed the scenery, showing an increase of drilling capacity (Fig. 2). 

 
 Total 105 MT/year    Total 38 Underground Mines 

Figure 1 

When distances between drilling levels are increased the need to develop safer raise driving method (than 
manual) arrised and the VCR method was adopted, automatically introducing the In The Hole hammers, due 
to its capacity to drill adequate diameters with the required accuracy. The influence of Canadian experiences 
slowly directed the use of the In-the-hole drill also for underground benching (Joyce and Hunter, 1992) 
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Figure 2 Evolution of long hole drilling equipment 

Today, both top hammers and in the hole drills are used in Chilean mines. As drilling and blasting represent 
between 25% and 35% of underground excavation costs (fig.3), it is of the utmost importance the correct 
selection of both, the method as well as the drilling equipment itself. The specific conditions of each mine 
define degree of use and examples show the different long hole drilling applications. 

23%

18%

23%

24%

12%

Development

Loading

Infraestructure

Drilling and Blasting

Transport

 

Figure 3 Distribution of excavation costs according to production stages  (large diameter stoping 
case). 
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2. Top Hammer versus In The Hole Drill. 
In the following table the advantages and general limitation of both drilling systems are shown (Zablocki, 
2005) 

Table 1 Top hammers vs In the Hole Drills  

Parameter Unit TH ITH 

Drilling diameters mm 48 - 115 90 - 165 

Maximum depth recommended m 35 to 40 100 to 150 

Penetration rate  m/min Higher up to 40 m Constant according to air 
pressure 

Power consumption  KW 115 220 

Drilling accuracy  Degrees 1-5 0.5-2 

Theoretical drilling index  T/dm 5 - 25 10 - 45 

Practical drilling index T/dm 5 - 15 9 - 35 

Flexibility in case of irregular and 
narrow ore bodies  

 High Low 

Drilling direction  degrees 360 360 but up hole drilling is 
avoided, (large quantity of 

cuttings and problems when 
charging of explosives) 

Risk of jamming   Higher 1) Minor 
 
1) Unless back hammering system used. 

The top hammer is generally preferred due to its flexibility with regard to drilling diameters and high net 
penetration, but its limitation is the drilling depth.  

In the hole drill is recommended when it is necessary to drill large diameter deep boreholes (Fernberg, 2003). 
One of its disadvantages is the higher power consumption (although high pressure electric compressors are 
recently being used beside the equipment). Net penetration, abruptly diminishes when the drill (ore drill bit) 
is in bad conditions. The lower drilling capacity must be compensated by making use of the high drilling 
index (tons per drilled metre) which represents a great challenge to the mine planners. 

Independent of the drilling system, seeking efficiency, lately in Chile a great deal of attention is being placed 
on the equipment utilization index (table 2). Good planning and efficient use of equipment is more important 
than insisting on achieving high percentage in mechanical availability.  

Table 2 Example of influence in the use of availability on drilling capacity (Simba ITH) 

 
Parameter Unit Year 

  2002 2003 2004 

Mechanical availability % 90 82 88 

Utilization % 49 61 71 

Effective capacity M/hr 9 11 12 
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3. Application of Sublevel Stoping Methods 

3.1 Big hole stoping  
The big hole stoping is sublevel stoping variant for large scale operations, using in the hole drills for drilling 
longer and bigger diameter boreholes (140 to 165 mm). 

A very good example of this type of drilling is the application at El Soldado mine (130 km northeast of 
Santiago). Annual ore production from the underground sector in the year 2006 was 3.2 M tons. 

Ore deposits are tubular, varying from 100 to 200 m long, 30 to 150 m wide, and 80 to 350 m high, and rocks 
are competent (more than 200 Mpa). 

Geotechnical conditions facilitate the large open stopes which varies from 40 to 90 m wide, 50 to 290 m long 
and up to 300 m high. 

This allows having a long distance between sublevels (average 60 m) and to drill deep large diameter 
boreholes (Contador and Glavic, 2001). 

 

 

Figure 4 

Nominal chambers are 30 to 60 m de wide, from 50 to 100 m long and up to 100 m high (Fig.4). 

Up hole drilling for undercut is performed with Simbas type 1252 with 76 mm diameter holes and normally 
up to 15 m high, obtaining a drilling index of approximately 7 tons per drilled meter. 

For several reasons (including the need to mechanise the work for changing heavy drilling tubes) the mine 
has carried out several tests to reduce the drilling diameter from 165 mm to 140 mm (table 3).  

 

 

 

 

 



 

 513

Table 3 Comparison of large hole diameter drilling (practical case) 

  Diameter 
Variable parameter Unit 165 140 

Hammer  COP 64 COP 54 
Tube diameter  mm 114 89 
Weight of tube Kg 35 23 
Water flow L/min 8 5 
Air flow  cfm 900 700 
Net performance  dm/hr. 16 18 
Effective performance dm/hr. 13.8 15 
Burden x Spacing. m 4 x 5 4 x 5 
Drilling index T/dm 25-35 25-35 

Aside from ergonomic advantages (lighter tubes) and less power consumption (air flow), the most surprising 
fact was that the same drill pattern could be kept (primarily by making use of the better stoping width). 

Today, the mine has standardised the use of 140 mm diameter for bench drilling.  

3.2 “Conventional” Sublevel Stoping (Fig.5) 
The majority of mines use the conventional method. 

In this case distances between levels fluctuate between 30 m and 60 m. For wider than 15 m bodies the 
benching method is similar to that of El Soldado mine but with a maximum hole diameter of 115 mm.  

 

Figure 5 Schematic view of conventional sublevel stoping 

For narrower bodies the drilling diameter has been standardised at 76 mm, including the undercut. 

When drill pattern designs are made a great deal of emphasis is given to the direction of the drill holes.  
Drilling capacities (top hammer) have been proved to be up to 30% greater with uphole than with 
downwards directed holes (Table 4).  
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Table 4 Example of capacity vs. drilling direction (Simba 254, diameter 64 mm, copper ore). 

Type of drilling  Average capacity dm/hr. 

Uphole 16-19 m 39 

Uphole 18-24 m 40 

Semi-horizontal or downwards 10-15 m 30 

For this reason (if it cannot be avoided) up hole drilling is preferable and normally are longer than those 
drilled downwards (Zablocki, 2005). 

Drill holes with top hammer generally do not exceed 30 m in length, and longer ones should normally be 
drilled with in the hole hammers. 

However, with the development of heavy top hammers, such as relatively new COP 2550 rock drill, in Chile 
the first drill rigs have started to be used to drill up to 40 m long and 115 mm in diameter, competing with in 
the hole hammers.  

Recently the first ever manufacture diesel hydraulic Simba M6 equipped with COP 2550 was delivered to 
Sierra Miranda mine. 

That rig will replace 2 to 3 previously used pneumatic ITH crawlers for benching with 89 mm holes. 

An interesting analysis has been carried out at El Soldado mine for the purpose of excavating smaller ore 
bodies of 40 to 60 m high. If these are not of a high grade, in order to work them economically, the only way 
would be to drill the holes from only one level (bottom). At the present moment, both drilling (with in hole 
drill) and charging explosives, at this depth and vertical direction, is a problem which must be solved in the 
future for example copying sub-level caving applications. 

4. Application in Vein Mining 
The rich deposits of El Peñón mine were discovered at an altitude of 1,800 metres in a remote desert area 
160 km southeast of Antofagasta. The mine is currently the largest underground gold and silver mine in 
Chile. The ex-owner Meridian Gold (today Yamana), made history in Chilean mining handing over, for the 
first time, all the operation to a contractor (Gardilcic) – (Zablocki, 2005). 

The long hole stoping method is primarily based on bench drilling (Fig. 6).  
 

 

Figure 6 Cut and fill with vertical benching  



 

 515

For between 4 and 8 m wide veins down hole drilling is performed with Simba 1254 type of equipment. The 
drilling diameter is 64 mm and the distance between levels is 20 m. 16 m bench blasting is similar to 
sublevel stoping.  

In narrower veins (0.8 to 3.5 m) with an average of 1.5 m, 6 m long up holes are drilled with a diameter of 48 
mm. Burden is 1 to 1.2 m and spacing is 0.5 to 0.7 m. The drilling equipment used in this case is Boomer 
H104 equipped with the long hole drilling kit.  

For increased production reasons at a level of 4,500 tpd, Constructora Gardilcic has decided to acquire two 
new Simba 1257 equipment. This equipment is furnished with a stronger arm, BUT 32, but the same as 
Boomer H104, adapted for drilling long holes, with the rock drill always located on the wall side, thus 
assuring minimum waste dilution. Thanks to the strong arm, the equipment possesses a rod handling system 
which significantly increases drilling capacity.  

5. Special application  

5.1. Semi-horizontal drilling 
One of the few drilling applications with semi-horizontal directed long holes is the drilling of pillars for 
excavation blasting, in the new concept of block caving method (Rojas et al., 2001). Today, at El Teniente 
mine, semi-horizontal drill holes are drilled up to 30 m in depth with Simba M7C equipment. This type of 
equipment is preferred due to its capacity for drilling long holes perpendicularly to the axis of the drift at any 
height of same, thanks to the telescopic boom system. In comparison to the typical drilling of long holes 
(vertical or semi-vertical), semi-horizontal one requires the application of precision drilling techniques 
(emphasis on alignment, special joints and special drill rods and bits to reduce deviation).  

While for fan vertical drillings of up to 24 m in draw ditches, standard T38 type rods are used, with normal 
64 mm diameter drill bits, obtaining acceptable accuracy, so when drilling horizontally, with the same drill 
string, deviation was up to 7%. By recommendation of the equipment supplier, a change to T45 rods was 
made, as well as TAC64 guide tube and 76 mm drop centre/retract type of bit. With this change and with 
instructions to operators on the precision drilling technique, deviation was significantly reduced (Table 5).  

Table 5 Type of drill steel vs. deviation 

Type of steel Deviation 

T38 + normal bit Up to 7% 

T45 + guide tube + retrac bit  1 to 2 % 

5.2 Drilling for cable installation  
An interesting application is a combination of long hole drilling and installing cables with only one fully 
mechanised equipment.  

Currently, at Minera Michilla (Fig.8), specifically in areas excavated by the cut and fill method, a systematic 
rock reinforcement is being used based upon the use of steel cable with grouting, inserted into with the holes 
drilled Atlas Copco Cabletec equipment (Zablocki, 2007).  

Michilla decided to mechanise this work when it was compelled to duplicate the installation of cables from 
50,000 to 100,000 metres per year for the operator’s safety and higher capacity. 
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Figure 8 Systematic cabling in cut and fill 

6. Conclusions 
No doubt that stoping methods applying long hole drilling in underground mining are the most productive. In 
Chile, taking the advantage of favourable rock mechanic conditions, this type of drilling is used in different 
applications such as those mentioned in this paper, aside from raise driving.  To optimise stoping methods, 
lately special attention is being paid to drilling accuracy and with the recent development of powerful 
hydraulic rock drill also to the correct selection of equipment between top hammers or in the hole drills. In 
addition, training to make better use of the new generation of computerized systems of the drilling 
equipments is being stressed.  
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Abstract 
Gellivare Hard Rock Research (GHRR) initiated a production-drilling project in year 2002. An essential 
part of that project was determining the location of the drill bit. Magnetic methods, optical laser gyros, 
inclinometers and gyro-accelerometers were explored, among others, but these were either not precise 
enough, or too expensive, or not fitting slim borehole diameters, or not withstanding the strong forces 
appearing close to a drill hammer. The project finally opted for a seismic technique. The key idea of the 
method has been to pinpoint the location of the drill bit by inverting the seismic travel times from the drill bit 
hitting the rock to sensors at known locations in tunnels and boreholes. The continuation project, managed 
by RTC (Rock Tech Centre) and in co-operation with LKAB, Swedish Nuclear Fuel and Waste Management 
(SKB) and Vibrometric started in 2006. The project plan includes an in-depth feasibility desk study (Phase 
1), analyses of existing data (Phase 2), preparations and execution of a field-test (Phase 3), final evaluation 
and recommendations (Phase 4).  

The main overall objective has been to develop and test seismic techniques being able to pinpoint the 
location of the drill bit with sufficient accuracy. Another very useful result of the project is likely to be an 
image of the seismic velocity throughout the rock mass, which could be used as an indicator of rock quality. 

A synthetic model study comprising two rings of nine boreholes was performed in Phase 1. The physical 
properties of the rock mass were inferred from data actually measured at the Kiruna Mine. The 
characteristics of the drilling hammer as a source of seismic signal were derived from product specs and 
data previously recorded with a water-powered Wassara in-hole hammer. The impact sequence produced by 
this equipment can be fairly accurately described as a Gaussian random variation of the impact frequency, 
essentially between 50 and 60 impacts/second. Single impacts may however be too weak to allow the 
accurate picking of arrival times at sensors placed several tens of meters away of the hammer, in typically 
noisy production mine conditions. This natural impact rate variation allows nonetheless the signal-to-noise 
ratio to be enhanced by a shift-and-stack procedure applied in a time window a few seconds long. The 
picking of arrival times becomes subsequently accurate and reliable. No modification to the drilling 
apparatus is required. Conversely, the rather limited randomness produced by the natural impact rate 
variation may lead to “ghosts”, i.e. images of later impacts mimicking reflections produced by earlier ones. 
The potential use of an ‘as-is’ in-hole drill hammer for imaging ahead of tunnels may therefore be limited. 
The alternative is to induce an impact rate variation of at least one octave, e.g. from 60 to 30 impacts/second 
over a few seconds: This creates a very high degree of ‘randomness’, suppresses the ghosts and makes the 
data useable for imaging ahead of tunnels. The apparatus must in this case be slightly modified to permit the 
variation of the impact rates by controlling the hydraulic flow to the hammer. 

The first of the two data sets analysed within Phase 2 had been measured as a part of the previous GHRR 
project and consisted of three groups of records made near the top, the middle and the end of a test 
borehole. The original purpose of these measurements had been to permit the comparison of various sensor-
mounting techniques on the drift wall and in boreholes at different depths. The data were however reused 
within the current processing exercise to test time-window stacking procedures and travel time picking 
routines. 

A more comprehensive data set analysed in Phase 2 was measured in 9 boreholes from two adjacent rings. 
Two tri-axial and nine single-component stations were recorded. The work on this second data set was 
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meant to verify tentative conclusions drawn with from the first and to perform an actual localization 
exercise, in spite of the somewhat limited experimental set-up, compared with the recommendations derived 
by modelling. The computed localization has however been within 0.2 m of the presumed actual borehole 
position, except from two regions with larger errors, in the first 5 m and in the middle of the borehole, which 
is deemed as a success. The locally larger errors are probably due to velocity variations and path curvature 
near the tunnel, which could not fully be resolved with the given experimental set-up, but can be mitigated by 
taking certain precautions with future measurements. Among these are: measuring the hammer depth while 
recording, keeping a precise track of the timing of each impact, gathering sufficient energy in each record to 
obtain the required accuracy of the time picking, and using 2- or 3-component sensors. The importance of an 
accurate knowledge of the velocity distribution throughout the rock volume and of the geometrical diversity 
(distances and angles) of the experimental set-up has also been stressed.  

The results obtained so far in the first and second phases of the project lead us to believe that the seismic 
approach to the drill bit localization problem is viable and robust. A carefully planned experiment, based on 
the experience and observations gathered in Phase 1 and Phase 2 is now needed to qualify this method 
reliably. The field test (Phase 3) is due to be carried out at the LKAB mine in Kiruna. The ore body at 
Kiruna mine is about 4 km long and 80 m wide. The mining method used is sublevel caving. The current 
layout employed at Kiruna is sublevel height of 28.5 m and a spacing of the production drifts of 25 m. 
Around 900,000 meters of production boreholes are drilled annually at the Kiruna mine. The production is 
expected to increase to 1 million drill meters annually. 

1 Introduction 
Drilling is perhaps the most important operation in mining. Accurate drilling reduces the mining cost in 
many different ways: 

• Makes it possible to increase the distance between sublevels and reduce the development, which is 
the most expensive part of the mining operation. 

• Reduces dilution, over break, damage and ore losses. 
• Improves fragmentation and reduces disturbances in the whole mining process from mucking to the 

mill. 
• Reduces specific drilling and charging. 

Gellivare Hard Rock Research (GHRR) initiated a production-drilling project in year 2002. An essential part 
of that project was determining the location of the drill bit. Magnetic methods, optical laser gyros, 
inclinometers and gyro-accelerometers were explored, among others, but these were either not precise 
enough, or too expensive, or not fitting slim borehole diameters, or not withstanding the strong forces 
appearing close to a drill hammer. The project finally opted for a seismic technique, which was deemed to 
fulfil in principle the precision, cost and ruggedness requirements mentioned above. The key idea of the 
method has been to pinpoint the location of the drill bit by inverting the seismic travel times from the drill bit 
hitting the rock to sensors at known locations in tunnels and boreholes. The GHRR project was completed in 
year 2005. An important contribution to the project, especially signal analysis, was brought by LTU (Luleå 
University of Technology). However many problems remained to be resolved. 

GHRR commissioned Vibrometric Oy in year 2005 to provide an independent study of the feasibility of 
building the apparatus envisaged. They concluded that seismic methods might be viable, but that accuracy 
would probably be less than the required ± 0.1 m for a 40-50 m long borehole, mainly due to a possibly 
uneven seismic velocity distribution throughout the rock mass. 

A continuation project started in 2006, managed by RTC (Rock Tech Centre) and with LKAB and Swedish 
Nuclear Fuel and Waste Management (SKB) as present sponsors. The project is divided in four phases:  

• Phase 1: In-depth feasibility study and pre-planning of a field-test at the LKAB Kiruna mine. 
• Phase 2: Further analysis and evaluation of the data recorded as part of the GHRR project mentioned 

above.  
• Phase 3: Preparation and execution of a new field-test at the LKAB Kiruna mine.  
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• Phase 4: Evaluation of the prior three project phases and recommendations for further actions. A 
related effort could be launched at this point aimed at selecting technology for actively steering the 
drill bit using real-time positioning information. 

The main objective is to develop and test seismic techniques able to pinpoint the location of the drill bit. A 
second important product would be the build-up of a 3D seismic velocity distribution image. To date, Phases 
1 and 2 of the project have been completed, and preliminary activities started for Phase 3. 

The field test in Phase 3 is planned to be carried out in the Kiruna mine. A large number of sensors 
(accelerometers) will be used. The drill depth will be recorded during drilling as well as the zero time (the 
time when the drill bit impact the rock. The data recorded in Phase 3 will be analysed in Phase 4 of the 
project. A number of boreholes will be drilled through the upper level enabling conventional surveying of the 
endpoint coordinates. 

2 Results 

2.1 Phase 1 - In-depth feasibility study 
Phase 1 comprised a rock quality assessment and a seismic data modelling study. The experimental geometry 
and the physical properties were derived from the rock quality assessment carried out on real data from the 
Kiruna mine. Real seismic data recorded as part of the former GHRR project were used to derive drill bit 
seismic signatures, which were then convolved with the response of the rock, derived from its physical 
properties. A fragment of a modelled multi-impact record is shown in Figure 2-1. One can note the relatively 
large noise level allowed through the modelling, to mimic a realistic field situation. There are two repeated 
patterns, at a time interval of approximately 35 ms. these being the repeated impacts of the drill bit. A rather 
unsuccessful attempt has been done to automatically pick arrival times on the record from Figure 2-1, 
represented by the wiggle line. Figure 2-2 represents the 4-second long record from Figure 2-1, after 
synchronised shift-and-stack. 

 
Figure 2-1 Detail of the model generated with repeated bit impact.  

 
Figure 2-2 Decoded 4-second time sequence from Figure 2-1. Picked times are displayed as a thin 

line. 

Clearly, the arrival time picking became significantly more successful. Time picking procedures themselves 
were studied attentively to select the procedure most adequate for the purpose. Velocity corrections were 
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also applied and several algorithms were tested. Performing the localization and evaluating the velocity field 
iteratively produced more stable results than the simultaneous inversion for both velocities and positions. 

2.2 Phase 2 – Evaluation and analysis of measured data sets 
Phase 2 consisted of the application of the signal processing and drill bit localization techniques developed in 
Phase 1 to the data recorded in the GHRR project. Figure 2-3 displays a section of a real-life record, 
processed in a similar manner with the modelled traces from Figure 2-2. The different vertical distribution of 
arrival times is due to the actual positions of the sensors being different. However, the signal-to-noise ratio 
and the accuracy of the time picking are comparable.  

Figure 2-3 Decoded 10-second real-life time sequence, recorded in the GHRR project. Picked 
times are displayed with red. 

While Figure 2-3 represents the simultaneous recording of all instrumented channels, Figure  2-4 has been 
obtained by collecting subsequent measurements at the same location (sensor1), thence representing the 
variation of the seismic response with the depth of the hammer. In Figure  2-4, variations of velocity with the 
drilling depth show as wiggles of the first onsets. Phase breaks among the first onsets can also be noticed, 
these being a matter of moderate concern with arrival time picking and one of the reasons for recommending 
multi-component recording, which is bound to restore the phase consistency by polarization analysis. Later 
arrivals, which can be associated with rock structures, can also be noted and as similar gathers are obtained 
for every sensor location and component, the location of such structures within the rock mass can be 
determined by specialist seismic imaging and inversion methods. To be noted that the records forming the 
profile from Figure  2-4 were obtained by time-window stacking drill-hammer impacts produced with their 
‘natural’ rate variation between roughly 50 Hz and 60 Hz. The fact that slower wave modes and 
backscattered seismic energy are easily visible (although maybe not as easily recognizable from a single 
profile) is a very encouraging result. One should however pay attention to the faint pre-arrival trends 
developing particularly towards the bottom of the profile, which are probably very week stacking ghosts. As 
mentioned above, they can be quasi completely removed by allowing a wider impact rate variation, but what 
is remarkable about them is their diminished amplitude even when produced during normal drilling, more so 
in fact than the predictions made through modelling.  
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Figure 2-4 Records from the first sensor, appearing on trace 1 in Figure 2-3 shown at incremental 

depths, as the drilling advances.  

Figure  2-5 shows a comparison between localization attempts with and without compensating for local 
variations of the seismic velocity within the rock mass. Arrival times have been picked automatically. When 
velocity variations are considered, the RMS error is below 0.25 m. This has however to be regarded as an 
interim result. The RMS error can in fact be brought down to below 0.2 m with a minimum of manual 
intervention in the time picking. Phase III of the project has started by producing rules and recommendations 
for improving the resolution to the desired level. The specific objective of the field tests planned for phase III 
is to produce the experimental material for a test automatic run. For that, an extended geometrical coverage 
and a more stable sensor affixing to the rock will be considered.  
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Figure 2-5 Positioning errors with (blue) and without (magenta) local velocity variations being 

accounted for.  

Velocity field determination has required and still requires significant attention, as the 1% precision which 
can generally be obtained with tomographic velocity inversions leads only to a positioning accuracy of 
roughly ± 0.4 m. As seen in Figure  2-5, the precision of the localization is better than 0.4 m and in fact 
around 0.2 m except two regions of the graph. Careful planning of the survey geometry will reduce the 
velocity errors below 1%.  
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3 Conclusions 
Besides producing an actual localization chart along a borehole using real data, the analyses performed so far 
within the project lead to a series of important technical conclusions, for which both theoretical and 
experimental support was found: 

• Knowing the drill depth leads to a better localization. The best results are indeed obtained by rotating 
the system of coordinates so that the z-axis points in the planned direction of the hole and taking the 
z-coordinate from the depth logger mounted on the rig. The localization is than applied only for the x 
and y transverse coordinates.  

• A sensor mounted on the drilling column is required for determining the time origin for each impact. 
This determination will however be indirect, based on the reading of the depth logger and the 
knowledge of the acoustic velocity through the drilling column, (as the time sensor is mounted at 
surface, at an increasing distance from the hammer as drilling progresses).  

• Sufficient energy must be gathered in each record to obtain the required accuracy of the time 
picking. This can be done by increasing the stacking time window. Conversely, a too large stacking 
window would allow the drill bit to advance significantly within the time frames of the same record, 
which may lead to depth-reading errors. Currently, the optimum stacking time window is estimated 
to 5s- 10s.  

• Other possible sources of time-picking errors are phase inversions due to the changing signal 
incidence angle to each sensor, as the drill bit advances. It is advisable to use 2-component sensors 
(accelerometers). As each detector position and the measured borehole form a plane, two-component 
sensors offer a more equipment-effective solution than 3-component sensors.  

• A good localization is intricately related to the detailed and accurate knowledge of the velocity 
distribution throughout the rock volume encompassed by the seismic measurement. This data is 
unfortunately not available as an independent product prior to the seismic measurements and has to 
be produced by the measurements themselves. The iterative computation of the velocity field seems 
to offer a solution to this problem. 

• It is expected that not all channels display the same quality. This may be due to variations of rock 
quality and or to the geometry of the set-up. For example, atypical delays occur if a larger part of the 
path is located in the excavation-disturbed zone. Some channels may therefore be discarded from the 
localization procedure. The distance and especially the angular diversity of the remaining stations 
must however not be compromised. For a proper localization it is important to have a good balance 
between the geometrical diversity of the recording stations and the quality of their signal.  

• A detector near the borehole collar is needed for constraining velocities along the z direction 
(parallel to the borehole). 

The localization result obtained is within 0.2 m of the presumed actual borehole position, except from two 
regions with larger errors, in the first 5 m and in the middle of the hole. These are probably due to local 
velocity variations and path curvature near the tunnel, which could not fully be resolved with the data 
available, but can be mitigated by taking certain precautions with future measurements.  

The results obtained so far in the first and second phases of the project lead us to believe that the seismic 
approach to the drill bit localization problem is viable and robust. A carefully planned experiment, based on 
the experience and observations gathered in Phase 1 and Phase 2 is now needed to qualify this method 
reliably.  
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Abstract 
The paper will deal with an easier and safer way to develop connection holes between different levels in 
mines. The purpose of these holes could be ore passes, walk ways, ventilation holes or others.  

Basically there are two different situations: 

• The “upper level” is developed 

• The “upper level” is not developed 

In the first case there is the option to use normal raise drilling equipment, drill a pilot hole and ream the 
hole bottom up in the final diameter. This method is well established and used since long time. It needs a 
proper pavement for stabilisation of the rig. It is still the common method for longer and/or bigger holes. 

An other method is the drop raising principle. The blast hole will be drilled from top down for the whole 
blast. The charging is done from bottom up in steps to allow the material to drop down to the lower level 
without “freezing” the hole. The method is limited in the applicable length. 

If the upper level is not developed, the only way is to develop the hole from bottom up. There are different 
ways available to solve this problem: 

• Conventional method with drill and blast – still in use in South Africa 

• The ALIMAK Method – this method is more frequent used over the world 

• Long hole drilling from bottom up and blast the hole in one go with the risk to lose the hole (not a 
real option) 

• Drill the hole bottom up with a modified raise bore rig. There are some limitations regarding the 
diameter and the length. 

• The Sandvik Box Hole Borer, which is a blind boring method with short mobilisation and 
demobilisation times. The current available diameter is 1,6 m and the length of the hole is currently 
limited with 100 m. 

The paper will deal in detail with this new equipment and the experience we have gained in a two years field 
application in a platinum mine in South Africa. 

1 Introduction 
During the development of a remote controlled hard rock mining machine for low seam heights we have 
been confronted with the problems of development of the ore passes. The used conventional method is very 
dangerous and slow. A high percentage of the fatalities are happening at these dangerous work places. The 
other problem is the low advance speed of about 1,2 m/day (single blast per day and hand held drilling). An 
other problem is the blocking of the haulage way during the duration of the hole development. 

In the discussion with our customer we have been able to specify the requirements for a machine which has 
to comply with the given boundary conditions. 

The main focus has been put on the following areas: 

• Increase of safety (zero fatalities) 

• Reduction of development time by increasing the development speed 



 

 524

• Continuous operation and avoiding cyclical down times as a matter of fact with the blasting method 
(“better utilisation of the face”) 

• Short mobilisation and demobilisation times to shorten the blockage of the main haulage road 

• Easy relocation across the mine and from level to level 

• Easy to operate and to maintain 

2 Requirements from the customer 
In various discussions we have been able to work out a specification together with the customer. This may be 
a bit specific for their application but an investigation on the market has proven these figures for a wide 
range of applications. 

Table 1 Specification of the Box Hole Borer 

• Bore a blind hole of 1,6 m diameter 

• Advance at a rate of 1,5 m per hour 

• Length of the hole in the range of 15 m 

• Inclination in the magnitude of 70° 

• Powered by electro-hydraulics 

• Reliable machine design 

• High mobility for relocation– transportable via mine rail (specific for South Africa) 

• Short mobilisation and de-mobilisation time 

• Remove workers from a hazardous/arduous work place 

3 Design 
Based on this specification we started with the lay out of the machine. Considering the short relocation time 
there was the need to minimise the preparation work needed for the start up of the machine such as special 
pavements and preparation of the roof. 

The concept of the machine is very similar to a small TBM. When the machine is in the hole, it should climb 
up without any further support to the floor – just based on the gripper system. 

We have found a solution to start the machine from a launching tube which is jacked with hydraulic 
cylinders against the floor and the roof. This arrangement allows to avoid special preparation like concrete 
pavements because the support forces will run down to the floor only during the time of collaring. This 
process operates with reduced forces and takes only a short time.  

 

Figure 1  
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If the machine has overcome the first about 3 m the main grippers can be engaged with nominal load and the 
machine can start the normal advance process. The single steps of the various components are controlled via 
PLC and therefore the whole process runs on a high degree of automation. 

The range of inclination the machine can anticipate varies from 0 to 90 degrees. We have separated two 
areas: 

• Gravity mucking above 40° 

• Assisted mucking below 40° 

3.1 Gravity mucking 
When the machine is climbing up the hole, it pulls a number of plastic pipes (muck chutes – as used in civil 
construction for refurbishing buildings) behind itself up the hole. The cuttings slide through the machine into 
this muck chutes and are guided down to the bottom area. This avoids damage to the hydraulic hoses running 
up the hole and reduces dust creation. 

 

Figure 2 Muck Chute behind the machine 

3.2 Assisted mucking 
If the machine has to develop a hole with an inclination less than about 40° (or material specific – if the 
cuttings do not slide down the muck chute) we have to use some measures to get the cuttings down. 

One way is to use a “vacuum cleaner” and run the suction hose up the hole into the machine. This gives the 
advantage to discharge the material direct via the separators into the muck cars. 

If the machine is used in Gold mines or other places, where water assisted material transport is a standard we 
use water jets to get the material down. The onward transport from the “catch box” can be done by pumps or 
also by using water jets. 

3.3 Cutting head 
The cutter head is similar to a raise borer head. The cutter dressing consists of 6 raise borer cutters and one 
15 inch pilot bit for the centre. At the circumference there are two muck shovels and two scraper plates to 
move the cuttings towards the opening to slide down the hole. The saddles are bolted to the rigid body of the 
cutter head and can be replaced in case of damage or wear. The shovels are covered with wear resistant 
material to serve for long life time. 

The big advantage of this system is the direct connection of the cutter head to the main bearing and the cutter 
gear. This serves for smooth running of the head. The variation of the speed of the head from 0 to max. 18 
rpm allows a sensitive adjustment for the collaring process as well as for anticipating different geologies. 
The typical winding of the string known from raise boring does not appear on this system. 
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Figure 3 Cutter head 

Optional for special applications there is a cutter head available with an almost flat face and recessed cutters 
to avoid stalling of the head in fractured and blocky ground. 

3.4 Main frame and gripper arrangement 
One of the big issues in developing this machine was the limited space available for transport, erection and in 
the hole as such. The usual dimension of the starting area is a cubicle of about 4 x 4 m. To allow the 
manoeuvring of the machine, the body has to be as short as possible but giving a reasonable length of one 
stroke to minimise the re-gripping time. This has led to a machine length of 3,2 m with a length of the 
advance stroke of 500 mm. 

 

 

Figure 4 Main frame and gripper arrangement 

3.4.1 Front gripper – dust shield 

As in a normal TBM the machine is guided at the front end via an expandable front gripper. This gripper 
slides along the wall and supports the radial reaction forces from the cutter head. The bottom part is rigid for 
reference and steering and the top part can be extended via hydraulic cylinders. In retracted position, the 
front gripper has a clearance to the bore diameter of 100 mm. 

Inside the front gripper there is the main gear including the main bearing and the drive motor. The front 
support points of the advance cylinders are attached to the font gear. 
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3.4.2 Main frame 

The main frame runs in the upper area from the main gear to the rear end and is connected with the safety 
grippers (back fall gripper). The main grippers are guided on this main frame. This guiding serves for the 
torque support and the general guiding of the machine. 

3.4.3 Main gripper 

The main grippers are essential for the advance of the machine. They are expanded by a big hydraulic 
cylinder against the wall of the hole. The gripper pads are designed of massive steel parts to transfer the 
needed gripper force into the rock even if the ground is not ideal. To avoid slipping of the grippers, they are 
equipped with 9 TC spikes. The gripper pads are attached to the gripper cylinder by spherical bearings to 
allow adjustments of the gripper pads if the sidewall is not totally even. 

The horizontal steering is also done by the main grippers in side-shifting the gripper pads – without influence 
to the gripper pressure. It can be done continuously during the advance of the machine. 

The four advance cylinders are attached direct to the main gripper pads to get the forces on the shortest 
possible way into the rock. 

To protect the machine against damage, all movements are observed by sensors. If components are moving 
out of their limits, there will be a warning to the operator or an automatic shut down of the movement. 

3.4.4 Safety gripper – back fall device 

The machine is moving usually in inclinations, where it would slip down if the gripper force would be 
released. To avoid safely this situation under any circumstance like break down of energy, hydraulic failure, 
hose burst and so on, a pair of safety grippers is installed. This safety gripper is spring-loaded and 
hydraulically released. If anything unforeseen happens, this grippers will engage immediate and keep the 
machine in a safe position. Also these grippers are equipped with TC spikes. 

In normal operating mode both grippers are interlocked and one gripper can be released only if the other one 
is on a safe pressure level. For the re-grip, the safety gripper has to be engaged before the main gripper can 
be released and repositioned and vice versa. 

The vertical steering is done via the safety gripper. It can be adjusted vertically by means of a hydraulic 
cylinder. The vertical steering can only be done during the re-grip. 

3.5 Launching tube 
A major requirement was mobility. The start up procedure is an important part of the process and has to be 
planned carefully. To minimise the efforts to take support forces and to get the alignment of the machine we 
have designed a launching tube. This tube is mounted on an undercarriage and is serving for relocation as 
well as for the start up process. 

The example shows a solution for track bound mines – as usual in South African Gold and Platinum mines. 
The undercarriage consists of a cross moving table to allow the adjustment of the centre line of the machine 
according to the surveyors advice. For legs with turn buckles are used to support the cross moving table. On 
this cross moving table the carrier for the launching tube is mounted at a pivot point able to rotate 360°. The 
rotation as well as the elevation of the tube is done by hydraulic cylinders. 

The stabilisation of the launching tube during the collaring is done by 4 hydraulic cylinders two of them 
against the ceiling and two of them against the cross moving table. To keep the side forces in cases the 
inclination is different from 90° turn buckles are supporting the bottom cylinders against the side wall. 

The launching tube has inside a kind of a “stair case” to allow the machine to climb out without applying big 
gripper forces. After finishing the collaring process and the machine is in the sound rock, no forces are 
transferred to the launching tube. 
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Figure 5 Launching tube 

3.6 Power pack and operators place 
The machine is powered by electro hydraulic. The hydraulic power pack is located on a platform wagon and 
keeps on one end the operators place. All functions of the machine are displayed on big screens. The 
machine is operated by push button controls and the integrated PLC. Operators cabins with AC are available 
optional. 

The machine is connected with the power pack via a hose bundle and a control cable for the solenoids up in 
the boring unit. For shorter holes – up to 30 m length - the hoses can be reeled on a hose reel. If the machine 
has to do longer holes up to 100 m, the hose bundle is stored on a hose car (in an eight loop). 

The cooling of the power pack is done by an oil-water heat exchanger. Cooling water should run up to the 
power pack and will be returned with a separate line or can be dumped in a ditch, if available. 

 

Figure 6 Operators place trackbound  operators Cabin trackless 

4 Operation of the machine 
The whole train moves to the place of the new hole. The cars have to be shunted in the correct sequence for 
the operation. After aligning of the launching tube – as mentioned before – the machine starts with the 
collaring process. As the surface after blasting is very uneven, the collaring process is a very sensitive 
process to create a smooth face. This will be done with a reduced speed as well with reduced advance forces. 
After the machine has drilled a hole of about 300 mm it will be moved back into the launching tube and the 
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whole launching tube shifts into this predrilled hole. This serves for better stability of the tube for the further 
collaring process. 

The second critical phase I the stepping over with the grippers from the launching tube into the rock. As the 
rock is usually blast damaged at the surface, the gripper forces have to be reduced to a minimum until the 
machine has done a full grip into the rock. 

Figure 7  

After about 3 m of advance the machine can change into the normal operating mode and can be used to its 
set performances. 

The machine is equipped with sensors giving an information about the advance – a pre defined hole length 
can be kept within close tolerance. 

If the machine has to drill longer holes, it will be equipped with a laser target. The laser beam, mounted in 
the launching tube will hit a laser target. The picture is displayed on a monitor at the operator’s desk and 
allows the operator to do the necessary steering action. The machine can anticipate curve radiuses of about 
25 m. Usual deviation on a 15 m hole without steering is about 5 cm. 

Moving the machine back after finishing the hole will be done in the reverse mode than drilling. After 
walking the machine down the hole into the launching tube, the tube will be retracted and lowered. 
Depending on the available loco, the machine can stay in the launching tube for relocation or will move out 
onto a service/relocation car to be moved to the next site. 

5 Experience with the prototype 
After a period of about one year the machine was designed and built and ready to be tested in the workshop 
in Austria. As the machine had implemented a lot of safety functions and interlockings, we decided to 
perform a full function test in an “artificial mine”. For this reason we casted a concrete block in the yard and 
have prepared a starting cavity as close as possible to the reality. 

The test should show the function of the safety and emergency precautions and was not meant to be a cutting 
test (concrete is not a challenge to the machine). 

Figure 8 “Artificial Mine”     Collaring Process 
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All the integrated functions have proven and the machine was ready to be delivered after the shop 
commissioning by the customer. 

On the mine site in South Africa at Lonmin’s Newman Shaft the machine had a start up without problems. 
During the development of the holes some improvements have been done especially in the area of mucking 
(optimisation of the separators and the placement and transport in the main road). 

One major problem was encountered very soon. In the specification we have received an envelope 
dimension, where the machine has to fit through. We have built the machine about 200 mm smaller than the 
given dimension but the reality was 400 mm smaller (and that has caused some limitations in relocation of 
the machine in the mine). 

 

Figure 9 Box front with reduced clearance 

A new designed relocation car for the launching tube and the machine as well as some modifications on the 
power pack have solved this problem and the whole equipment is now able to relocate below a height of 
1850 mm. 

5.1 Performance of the machine 
The machine has achieved the set KPI’s (net cutting rate of 1,5 m/h and quick relocation) basically from the 
beginning. The average time to produce a hole in the length of about 12 m takes inclusive mobilisation and 
demobilisation between 40 and 45 hours. Best advance rate achieved was 2,4 m/h in the South African host 
rock like Pegmatite, Norite and similar with a UCS up to 250 MPa 

Figure 10 Net cutting time per hole 

Box Hole Development
Newman Shaft - Lonmin/RSA

0

2

4

6

8

10

12

14

16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Hole Number

H
ol

e 
Le

ng
th

 [m
]

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

C
ut

tin
g 

R
at

e 
in

cl
. C

ol
la

rin
g 

[m
/h

]

Hole Length [m]
Cutting Rate [m/h]

no
 d

at
a 

re
co

rd
ed

Achieved Performance 

Net Cutting time per Hole

0

2

4

6

8

10

12

14

16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Hole number

Le
ng

th
 o

f t
he

 h
ol

e 
[m

]

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

N
et

 ti
m

e 
de

m
an

d 
[h

]

Hole Length [m]
Net cutting time [h]



 

 531

0 5 10 15 20 25 30 35

Time demand

Transport to workplace
Power conection 1000 V

Water connection
Separate powerpack 

Launchtube off rail
Turn launchtube

Lift up launchtube
Line up ABH

Spread launchtube
Install Haulage System

Mobilisation
collaring

tot. drilling
tot regrip

Drilling
Regripp ABH back

Unspread Launchtube
Retract launchtube
On rail launchtube
De-install Haulage

Disconnect power supply
Transport out

Demobilisation
Total Time one Hole

W
or

ki
ng

 S
te

ps

Average time for one Box Hole
example - indikative

Basis:
Hole length [m]
Advance Rate [m/h]

15
2,20

 

Figure 11 The average time distribution for one hole is shown as an example 

The cutter consumption has turned out to be low. The estimation was about 400 m per set of cutters. After 
total 255 m drilled, the originally mounted cutters are still in good shape and ready to go for an other 250 m. 

Figure 12 Gage Cutter       Inner position 

5.2 Reliability of the machine 
The machine is now in operation for two years. Beside some small electronic parts and one cutter saddle, 
which was changed because of damage caused by operator’s mistake, the machine did not show any weak 
points. The concept could be used for the production of further machine without changes. 

Changed had the shape of the transport cars and the storage of the hose bundle because of changed 
conditions in different mines. 

For short holes (up to 30 m), a hose reel is mounted on the power pack which is coiling up the hoses in a 
convenient way. For longer holes the hose bundle is stored on a special hose car, because the hose reel 
serving for 100 m hose length, would not fit in any roadways. 
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5.3 Safety aspects 
During the two years of operation we did not have one accident caused by the machine or machine related 
equipment. The system has proven easy and safe operation and provides convenient working conditions to 
the crew. 

6 Further development 
The original machine was developed for South African mine conditions. Most of the mines run track bound 
haulage systems and therefore the machine had to be track bound for relocation. South Africa is still the 
country showing the biggest interest and has ordered recently 3 machines for the application in Gold. 

 

Figure 13 

Nevertheless mines outside South Africa have similar demand for holes and could use this machine concept 
as well. As these mines are mostly trackless we have designed a machine for trackless relocation. The first 
machine of this type has been ordered from Portugal and will be delivered in March 2008. 

An other application would be the centre hole at the draw points. As the equipment is very mobile, it could 
contribute to shorten the time needed for such a burn holes. 

 

Figure 14 
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Abstract 
Production up-holes for sublevel cave mining are perhaps the most difficult to charge and present the most 
danger to an operator. As these holes are located above the operator, the manual navigation of machinery in 
a way to deliver emulsion can sometimes be awkward, and there exists an increased risk of falling material 
and debris. This makes the charging of production up-holes a prime candidate for automation. Once the 
process is fully automated, one operator can operate several machines at once and these machines can 
charge the holes more quickly and accurately than a human operator. This has the financial benefits of 
lower operating costs, increased productivity and reduced strain on human resources. For the development 
of this Automated Delivery System (ADS), Orica is undertaking a multi-stage approach. This paper 
concentrates on the ADS first stage objectives that allow the operator to control the entire loading process 
from the safe and comfortable confines of the cab of the mobile charging unit. In addition to the robotics 
aspects, an integral part of ADS is the autopriming system that assembles an i-kon detonator with a booster 
which is then automatically placed into the blast hole. The improved accuracy of the loading process by ADS 
and the precision timing available with the i-kon blasting system will improve the overall blast performance. 
The paper concludes with a detailed outlook at the objectives of future stages of ADS development. 

1 Introduction 
The concept of automating the loading and priming of blast-holes is not new. Since the late 1990s, work 
towards this idea has been progressing. The original development began with Orica’s Automation of 
Charging (AOC) Project, which quickly progressed into a more promising technology through the Emulsion 
Loader Automation Project (ELAP). ELAP was a collaborative effort involving several mining supply, and 
research and development companies. It sought the development of a fully autonomous mechanical 
explosives loader. The operation of ELAP was demonstrated on several occasions, but final integration and 
testing of the subsystems was never fully completed. It is on this pioneer that the current Automated 
Delivery System (ADS) project is based. Figure 1 (a) shows the original AOC equipment, while Figure 1 (b) 
shows that of ELAP. 
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(a) 

 
(b) 

Figure 1 (a) AOC, and (b) ELAP 

A single leap from manual to autonomous is too large for any type of underground delivery system. This 
presents a significant challenge when designing and building a fully autonomous underground delivery 
system. It is simply too abrupt of a change in operations. With this thinking in mind, the team developed a 
programme of four smaller projects, each with a specific deliverable, a short development time and less of an 
impact on the current operations. Each of these sub-projects or stages builds on the previous one with the 
final deliverable being a autonomous delivery system. 

Stage 1 delivers a Mobile Charging Unit (MCU), shown in Figure 2, that allows the operator to command 
and control all of the tasks and actions necessary to load and prime a pattern of production up-holes from the 
comfort and safety of the cab of the truck, essentially a local tele-operation. This eliminates the need for the 
operator to be exposed to the risk of falling rock while either standing on the ground next to the unit or in a 
man-basket typically attached to the end of the boom. Stage 2 will upgrade the ADS machine to operate in a 
local tele-supervised mode. Here, the operator is not only moved from either standing beside the MCU or 
being in a man-basket to the cab, but he also now only supervises the loading of the hole pattern, while the 
machine takes care of the rote tasks. Stage 3 will deliver a remote tele-supervised machine. This means that 
the person will be moved from the cab up to a remote safe location, possibly in an office at the surface or in 
an underground lunch room, but still maintains a supervisory role in the operation of the unit. Stage 4 will 
deliver self-navigation along with remote tele-supervision. This is the ultimate goal of the ADS project: to 
have a self-navigating unit that only periodically requires user supervision. All of these stages are logical 
steps towards a fully autonomous loading and priming MCU. This paper focuses on the work completed in 
Stage 1. 
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Figure 2 ADS Stage 1 Mobile Charging Unit 

2 Underground Production Up-Holes: Motivation and Benefits 
One of the more hazardous and human resource intensive components of underground mining is the charging 
of production up-holes. To make this even more difficult, tight requirements on the accuracy of the hole- 
charging are critical to an efficient blast. Care has to be taken to ensure that blast-holes are filled correctly 
with the proper amount of emulsion and placement of primers, as defined by the blast plan. The members of 
the blast crew must work together to ensure that this is done appropriately. The work is very tedious and 
requires astute attention. Consistent with other industrial sectors, when a person does a tedious task over long 
periods of time their performance deteriorates resulting in blast-hole charging being much less than efficient. 
At the same time as the up-holes are being loaded, the risk of personnel injury is quite high, even though 
measures are taken to reduce it. The operators have to always be conscious of falling rocks and debris from 
the back of the tunnel as well as from the muck pile. Some up-hole loading hazards are shown in Figure 3. 

Automating the charging of production up-holes has important benefits for the mining industry. Safety is a 
forefront concern for everyone. Having a machine perform the loading with the operator controlling or 
supervising it from the cab or from an office greatly reduces the likelihood of injury. This translates to a 
safer more comfortable working environment and makes the profession more attractive. This machine will 
never get tired regardless of the tediousness of the task it is given which means that the precision and 
accuracy of the loading remains at a high level of quality throughout the process. This transforms into to 
better blasting performance and potential cost savings to the customer. 

When considering the financial benefits of the ADS Project, it is important to note that this is a multi-stage 
programme with the final goal of having a delivery system capable of self-navigation that only requires 
periodic user supervision. Once this goal has been realized, one operator will be able to operate several 
machines at once. Each of these machines will be able to charge holes more quickly and accurately than any 
human is capable of. The financial benefits that such a system will provide include lower operating costs, 
increased productivity and reduced strain on human resources. The initial preparation of the unit and 
replenishment of consumables requires filling the tank with emulsion, loading the initiation explosives 
assembler with detonators and boosters, and filling chemical additives and water tanks. This can be done at 
the magazine where personnel can load a fleet of trucks at the same time. Then the trucks will be given a 
blast plan and commanded to go to the appropriate stope. The unit, itself, will complete the remainder of the 
loading operation. One operator will supervise the whole fleet from an office environment, away from the 
hazards of an underground environment. The use of fewer personnel per delivery system directly relates to 
lower operating costs. 
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Figure 3 Up-hole Loading Hazards 

Productivity can be measured in several ways. Here, we describe the productivity in terms of the amount of 
work done per person and in terms of the amount of work done per unit time. The productivity in terms of 
amount of work done per person will increase as the ADS unit, itself, will perform most of the laborious 
work. Instead of up to 3-4 people per loading operation, one person supervises the work of several delivery 
systems. ADS have the potential to increase the work done per person immensely. The overall productivity, 
defined as the amount of work done per unit time, will also increase as the overall work rate of an automated 
system will be higher than that of a human. Not only does ADS have the potential to load each hole faster 
and more precisely than a human operator, but the time it takes to setup a load and to move between each 
hole can be done faster as well. This will translate into faster overall loading of a ring and thus an increase in 
overall productivity.  

3 Automated Delivery System 
ADS are based on a standard MCU that is configured for boom loading. It has an 18-tonne chassis fitted with 
a modified 7-tonne crane and an Orica process body with a 5-tonne capacity. The most notable modification 
is the replacement of the standard controller with the computing hardware necessary to support the operator 
being able to control the entire system from the cab of the MCU. The control system is comprised of three 
embedded computers and one Programmable Logic Controller (PLC). A laser scanner is used for borehole 
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detection and tunnel modelling. Communications for the control of the process equipment, initiating 
explosives assembler and boom movement is spread across 3 DeviceNet buses. 

In addition to being a multi-stage project, ADS is a multi-component project. Stage 1 consists of a Robot 
Vision and Scanning system (RVS), a Low-Level Controller (LLC), a Loading Process Supervisor (LPS), a 
Human-Machine Interface (HMI) and a Digital Video System (DVS). The relationships between the 
components are shown in Figure 4. The RVS is composed of three main elements: visual servoing system 
(not fully realized at this stage), Robotic Boom Controller (RBC) and a Scanning And Mapping module 
(SAM), all of which are housed on the RVS Computer. The HMI, LPS and LLC are housed on the 
Supervisor Computer. The DVS is housed on the Video Computer. Software for low-level process control 
resides on a PLC. The selected communications method between the HMI, LPS, and the RVS uses the 
Common Object Request Broker Architecture (CORBA) as it is a standard that is accessible across platforms 
and allows the developers to work a common definition of how messages are structured and passed. 

 

Figure 4 ADS System Architecture 

For Stage 1, within the RVS the vision component is limited to serving video feeds from the cameras 
mounted on the end-effector. These are used for display within the DVS. The planned visual servoing 
component of this system is scheduled for development in Stage 2 and is not part of the scope of Stage 1.  

The RBC performs the high-level and low-level control of the boom. This includes a trajectory planner for 
determining the rate and angles at which joints are manipulated, a Cartesian motion planner so that the 
operator can control the end-effector without have to control the individual joints directly, and a facility that 
gives the operator direct access to the joints themselves.  

The SAM module consists of a Sick 2D scanning laser attached to the end-effector, which is used to provide 
a 3D scan of the tunnel. By sliding the scanner along the surface of the tunnel, using the RBC, and doing 2D 
scans as it moves, the resulting 2D scans can be stitched together to generate a 3D representation of the 
tunnel. Analysis of this 3D scan reveals the positions of the blast–hole collars. 

The three main applications that run on the supervisor computer are: the HMI which provides the visual and 
command interface between the ADS subsystems and the operator, the LPS which is the main application 
that embeds the logic for automatically executing loading functions, and the LLC that acts as the gateway to 
the PLC for the relay of commands and the return of process and system parameters that are reflected in the 
HMI. 

The LLC is the module of the control system that manages the physical input and output related to process 
and safety. It acts as a gateway between the PLC and the other subsystems (i.e. LPS, HMI and RVS). It 
resides on a host computer connected to the PLC that performs real-time control of process elements, 
autonomic safety functions and hotel functions. Hotel functions include everything related to operations of 
the base vehicle such as air and hydraulic supplies and engine management. 

The LPS is based on a discrete-event controller and coordinates the activities of all the other systems 
onboard ADS. The LPS interacts with the user through the HMI and coordinates the work of all subsystems 
to perform tasks in the appropriate sequence to correctly execute the automated loading of emulsion and 
primers into production blast holes. 
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The HMI is the means for the system and the operator to communicate. It consists of 4 panels that the 
operator can use to review the status of the machine and command MCU functions. These panels are 
entitled: Control Panel, Status Panel, Virtual Arm Panel, and Initiating Explosives Assembly (IEA) Panel 
and are shown in Figure 5(a), (b), (c) and (d), respectively. 

(a) (b) 

(c) (d) 

Figure 5 ADS Stage 1 HMI screenshots 

The operator uses the DVS, from inside the cab of the MCU, to monitor the charging using up to nine 
cameras located at various positions on the MCU. The DVS utilizes two touch-screens in the cab of the 
MCU. Figure 6(a) shows the primary display that contains the video feed from the active camera, along with 
appropriate controls for panning, tilting and zooming. The second display, shown in Figure 6(b), provides 
live video feeds in smaller forms that the operator can preview. When the operator selects a live video feed 
from this screen, it becomes the active feed and is displayed on the primary display. 
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(a) (b) 

Figure 6 The Digital Video System 

4 ADS in Operation 
When planning the various stages of ADS, much attention was given to the role of the operator at each stage. 
The goal is to morph the operator’s duties slowly at each stage so that impact to production will be minimal 
and a smooth transition from manual to fully automatic operation is realized. At the end of Stage 1, the 
operator will load up the MCU with emulsion, water, electronic i-kon detonators, boosters, and chemical 
additives, and complete the pre-start checklist. The MCU will then be driven to the tunnel where the holes 
need to be loaded, unstow the boom, connect the guide hose between the hose pusher (below the rear 
bumper) to end-effector (at the end of the boom), back into position relative to the designated ring, engage 
the hydraulics pump and lower the stabilizing jacks. The operator will then start up the HMI and review 
system status. Upon receiving a positive system status report, the operator will proceed to load a blast plan 
using a memory stick, or by entering hole parameters manually. Without leaving the cab, the operator, 
through the HMI, then completes the following steps: 

1. Initiate a laser scan of the tunnel; 

2. Review the resulting scan map, displayed in the 3D virtual reality representation in the HMI. This 
scan also produces positions of where it detected features that are indicative of blast-hole collars are; 

3. Through a 3D user interface on the HMI, the operator has to align the holes from the original blast 
plan with those from the scan. This will provide ADS with a correspondence between the original 
blast plan hole positions and those detected by the tunnel laser scan. The correspondence will let 
ADS orientate itself so that it can charge the correct holes with the proper amounts of explosives. 
Using this information, ADS will then compute the approach poses for each hole;  

4. The operator will command ADS to move the boom to the appropriate approach pose;  

5. Once this movement is complete the operator will drive the boom to the hole-collar from the 
approach pose.  

The operator repeats this process for each hole in the blast plan. 

Working from the new role of the operator, the requirements for ADS Stage 1 consist of development of a 
machine that could: given a blast plan identify and situate blast holes, pump the appropriate amount of 
emulsion into each of these holes as defined in the blast plan, and assemble and place primers (with 
electronic i-kon detonators and boosters) at the appropriate locations in the emulsion column and provide an 
operator with an interface by which to initiate, monitor and control the whole system from the cab of the 
MCU. To this end, a laser scanner is employed to scan and map the tunnel surface, a robotic boom is used to 
automate the positioning of the hose into the hole and provides a mechanism for primer assembly without 
human intervention, a pumping system is drawn on to automatically fill the holes with emulsion, and an 
intuitive human machine interface is put in place to provide operator control. 
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5 Key Enablers: Autopriming System and i-kon Detonator 
An integral part of ADS is the autopriming system that assembles an i-kon detonator with a booster which is 
then automatically placed into the blast hole. The improved accuracy of the loading process by ADS and the 
precision timing available with the i-kon blasting system will improve the overall blast performance. 

The autopriming system assembles an i-kon detonator with a booster and places the resulting primer on the 
end of the robot arm. The system is controlled pneumatically and takes about one minute to assemble the 
primer and place it on the end-effector. A magazine is loaded with detonators and leads, and a separate 
magazine is loaded with boosters. Using pneumatic actuators, a booster is removed from its magazine and 
placed in a temporary assembly position. A detonator is then automatically placed inside it and the resulting 
primer is placed on the boom end-effector ready to be placed into a borehole. To facilitate the attachment of 
the primer to the end-effector a special docking assembly has been created where the boom can be oriented 
using a single button on the HMI. Figure 7 shows the ADS Autopriming System. 

  

Figure 7 ADS Autopriming System 

The i-kon detonator system is shown in Figure 8. It is an electronic detonator that provides many benefits 
over standard (pyrotechnic) delay detonators. It is a programmable detonator with a 0-15,000 ms delay range 
in 1 ms increments, with a 10 fold increase in accuracy over conventional pyrotechnic delay units. Using this 
accuracy, blast vibrations can be minimised and damage to mine infrastructure, delicate stope structures and 
nuisance to the community reduced by limiting the maximum instantaneous charge firing at any given time. 
By selecting appropriate delay timings, blast vibration energy can be channelled such that the predominant 
energy falls into frequencies outside the resonant frequencies for structures. This limits the effect of blast 
vibrations on the community and mine structures. This can also reduce the damage to foot and hanging walls 
by engineering relief against these structures through the manipulation of the delay sequence. 

 

Figure 8 i-kon Detonation System 
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Frequent, small blasts can throw stresses back to the remaining section of the stope, leading to deteriorating 
ground conditions which increases the risk to personnel required to charge the next section and can cause 
hole closures or damage to holes in pre-drilled sections of the stope. These holes either have to be redrilled 
or are left uncharged, increasing the potential for oversize. The i-kon system can make certain that large 
blasts are fired at very much reduced risk versus non-electric systems by ensuring the delay sequence is 
optimised to maximise fragmentation and minimise vibration and guaranteeing that all detonators will fire as 
planned. Larger blasts can be desirable as they can reduce the amount of development required to extract any 
given ore block. This means that mines are now able to extract stopes with only one access, or de-stressed 
certain critical areas, making previously uneconomic or geologically difficult ore blocks possible to mine 
safely. Fragmentation improvement reduces swell factors, in turn leading to less development being required, 
and lowers overall mining costs. Large blasts can also lead to improved safety for mine personnel by 
reducing the need for more frequent blast preparation. Less firings per stope also reduces time lost to 
ventilation re-entry time, check scaling and secondary ground support. All of this leads to less time spent by 
mine personnel in the high-risk areas in and around the stope.  

When loading i-kon detonators into blast-holes, stope chargers do not have to worry about which delay goes 
into which hole as all i-kon detonators are without delay until logged/programmed, improving charging 
productivity. Since i-kon detonators are fully programmable, all blasting tasks can be performed with a 
single inventory item, eliminating the need to purchase/hold a large inventory of different delays that may 
not all get used. 

6 Introduction of ADS Stage II 
Stage 1 delivers a local tele-operated MCU that allows the operator to command and control all of the tasks 
and actions necessary to load and prime a pattern of production up-holes from the cab of the truck. During 
this stage of the project, the necessary hardware infrastructure has been put in place for the first two stages of 
the project. Stage 2 will primarily be a software upgrade to the ADS unit to allow it to operate in a local tele-
supervised mode. Here, the operator is not only moved from either standing beside the MCU or being in a 
man-basket to the cab, but he also now only supervises the loading of the hole pattern, while the machine 
takes care of the rote tasks. 

Building on the foundation that has been laid by the work done in Stage 1, Stage 2 will see a refinement of 
the various systems. Much work will be done on the RVS to complete the vision part of the system. The 
vision component will give ADS the ability to safely and accurately identify a hole and dock with it using 
visual servoing and image processing techniques. The LPS will be updated with automatic correspondence 
algorithms and automated loading instructions so that a whole sequence of holes can be charged with human 
supervision and minimal human intervention. The localization of the ADS unit in the tunnel with respect to 
the drill-truck that preceded it will be realized through the automatic correspondence between the hole-
pattern drilled and that detected by ADS. Finally, a virtual ADS environment will be developed using 
hardware and software. This environment will simulate the MCU and all additional equipment required to 
operate the unit. Developers will use this simulator to test their software when they do not have direct access 
to the MCU itself. 

Essentially, the unit will be loaded with consumables, given an as-drilled blast plan and it will automatically 
load all of the holes (within reach) in that plan. The operator will be present in the cab of the truck in case 
human intervention is required. This may happen in the event that there is a problem with the unit or if it 
detects some form of ambiguity that prevents docking with the targeted hole-collar. 

7 Conclusions 
The goal of the ADS project is not a trivial one, but is one that offers many benefits to the mining 
community. Safety, increased blasting performance, lower operating costs, increased productivity and 
reduced strain on human resources, are all objectives of ADS. By organizing ADS as a multi-stage, multi-
component project, steady steps towards achieving these objectives have been taken. Often, devising a 
scheme whereby the overall goal is kept in-sight while allowing for unforeseeable events within a sub-
project can prove to be difficult. Orica has put significant investment into modern collaboration tools, regular 
team meetings and extensive testing to put the proper tools in place to ensure a successful outcome. 



 

 542

It is no coincidence that safety is listed as the premier motivation of ADS. In fact, it is the premier concern of 
Orica, itself. In keeping with a philosophy of “safety first”, extensive testing is of utmost priority. Starting 
with Stage 1, several rounds of testing have been put in place. The first round of testing is the reliability 
testing. Each system will have a reliability test procedure to pass before it can be integrated into the overall 
system. With support and approval from Orica, the developer responsible for the software being developed 
will write its own test procedure. Orica has written the second round of testing. It consists of an operational 
acceptance test procedure that is developed in accordance with mine requirements. Once the unit has passed 
these tests, this stage of the project will be considered complete. 

It is one thing to trial a product such as ADS in the laboratory and a completely different thing to trial it in an 
actual mine. To ease the transition between these usually very different environments, Orica has developed a 
mock mine that is used to simulate a tunnel while trialling the unit in a laboratory. This mock mine is shown 
in Figure 9. This allows for the discovery of possible bugs before going through the expense of acquiring 
mine time and also aids in training operators. As well, some effort has been put into developing a 3D 
representation of the MCU including the boom, tunnel scan and holes position and orientation to provide 
real-time feedback to the operator as to what the machine is doing. This gives the operator a view of the 
environment without having to leave the cab of the MCU. 

(a) 
 

(b) 

Figure 9 The mock tunnel developed by Orica 

This paper has described the development of the first stage of the Automated Delivery System being 
developed by Orica. When finished, this product will provide full autonomy to the loading of underground 
blast holes. Stage 1 of development has much more modest goals. Laying the foundation for future stages, 
Stage 1 moves the operator from standing beside the MCU or standing in a man-basket at the end of the 
boom to the cab of the MCU. In terms of safety, this is a monumental achievement. The operator is now in 
the safe confines of the cab of the MCU, protected from many of the hazards associated with working 
underground. In addition, using current equipment, 1-2 operators are required to perform the charging duties. 
When using ADS Stage 1, only one operator is required regardless of the charging. When all four stages of 
ADS are completed, one operator will supervise several trucks requirements, which can potentially result in 
substantial savings. This, combined with the increase in safety and accuracy, makes ADS a desirable 
component of the mining process. 
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Abstract 
Kiruna Mine in northern Sweden has been using sublevel caving mining method in its underground iron ore 
mine since the middle of the 50’s. The scale of this mine method has been increasing through the years in 
order to reduce production costs in a competitive international iron ore market. A key issue in scaling up 
sublevel caving fans is the ability to drill long production boreholes with minimal deviation, i.e., straight 
boreholes. Aware of this problem, LKAB, the owner of Kiruna Mine, has been developing a drilling 
technology with water hammer through its subsidiary Wassara for more than 20 years now. Kiruna Mine has 
been using drilling rigs equipped with Wassara water hammer since 1995. This paper describes the results 
of measurements of borehole deviation carried out at Kiruna Mine through the years. These measurements 
indicate that borehole deviation drilled with rigs equipped with Wassara hammer is about 1-1,5% of its 
length for 54 m long boreholes. Furthermore, borehole deviation occurs in a typical forward pattern 
minimizing thus its negative impact on blasting and fragmentation.  

1 Introduction 
LKAB owns and operates Kiruna Mine located near the city of Kiruna in northern Sweden. This iron ore 
mine has been in operation for more than 100 years now. It started as an open pit mine and in the 60’s it 
became an underground mine. The 80 m thick massive magnetite ore body dips about 60º to the east, has a 
strike of about North-South and a length of about 4 km. Current production level is located about 900 m 
below ground and production plan for year 2008 is about 29 Mton of crude ore. Geophysical measurements 
indicate that the ore body continues to a depth of about 2000 m below ground. The underground mining 
method used at Kiruna is sublevel caving. This method has been used since the beginning of underground 
operations. Through the years, LKAB has been forced to scale up this mining method in order to reduce 
production costs and stay competitive in the international iron ore market. Most of the supplies of iron ore in 
the international market have open pit mine operations and, therefore, lower mining production costs.  

One of the factors leading to lower mining production costs is to increase the scale of sublevel caving. This 
signifies in increasing the sublevel height and distance between cross cuts. A consequence of this scaling up 
is a decrease in the amount of drifting per mined ton and therefore mining costs. It is estimated that mining 
costs per ton by drifting is about 5-6 times higher than the one by fan drilling/blasting and mucking at Kiruna 
Mine. 

The scaling up of sublevel caving requires the capability of drilling longer boreholes with good performance 
in both quality and quantity. Quality performance refers to the capability of drilling boreholes that have 
minimal deviation from planned path. Quantity performance refers to the capability of drilling longer 
boreholes without decreasing the penetration rate. The quality parameter has a clear impact on the 
subsequent blasting and mucking operation. A fan drilled according to plan is essential for achieving good 
fragmentation during blasting and therefore good gravity flow and ore recovery. The quantity parameter has 
an impact on the number of drill rigs necessary in the operation and, therefore, costs. 

Aware of these requirements and the capabilities of conventional drilling technology, LKAB decided to 
invest in a new drilling technology in 1990 when it bought Wassara AB. Wassara has been developing ITH 
water-driven hammers in order to achieve boreholes that have minimal deviation and penetration rate that is 
independent of borehole length for upwards drilling. In 1995, Kiruna Mine had the first rig into production 
using Wassara hammer. The number of rigs using water hammer increased through the years and today 
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Kiruna Mine has seven rigs using Wassara hammer and three using top hammers. The performance of these 
rigs has been measured in various occasions and this paper will describe the results achieved in relation to 
borehole deviation.  

2 Production Drilling at Kiruna Mine 
The amount of production drilling at Kiruna Mine totalled about 835 000 m in 2007 by these ten rigs. About 
74% of this total was drilled with drill rigs equipped with Wassara hammer. These rigs have an average 
productivity varying from 15 to 20 m per working hour. A typical fan drilling layout used at Kiruna Mine 
today is shown in Figure 1. Note in this figure that horizontal-axis is distance in meters across the drift and 
vertical-axis is the distance along the boreholes in meters. The fan is drilled upwards with at 10° angle 
forward from the vertical and it has a total of 8 boreholes with a diameter of 115 mm. Boreholes number 4 
and 5 are about 53 m long and they stop just under a production drift located two levels above. One fan is 
drilled every 3 m across the roof of production drifts, it contains about 10000 tonnes of ore and it requires 
drilling about 300 m of drilled boreholes. 

 

Figure 1 Typical production drilling layout at Kiruna Mine  

3 Definition of borehole deviation 
The capability of a drill rig to drill according to a pre-defined plan is influenced by the following factors: 

1. Positioning the drill rig in the drift according to plan 

2. Starting each borehole in the right coordinates and direction 

3. Keeping same drilling direction during the hole length (straight bore holes) 

In this paper we will be looking at factors number 2 and 3. All three factors are equally important and should 
be properly carried out. Drilling technology such as top hammer, in-the-hole hammer, air-driven or water-
driven will have an effect on factor number 3. Drill rig construction and proper maintenance of the sensors 
used to measured boom inclination will impact on factor number 2. Figure 2 shows the measurements objects 
in the study of borehole deviation. Here it is important to distinguish between borehole deviation and 
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borehole deviation from plan. The first is related to the ability to drill straight holes and the second to the 
ability to drill straight holes according to a plan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Borehole measurements definitions 

4 Measurements of borehole deviation with a reflecting material 
In an attempt to estimate borehole deviation (as defined above), many measurements were made at Kiruna 
Mine using a simple method called Reflex. This method is based on visual observation and therefore gives 
only an indication of borehole deviation. Reflex method consisted in observing the maximum borehole depth 
at which it was possible to see a highly reflecting material inside the borehole. This type of measurement was 
carried out by inserting a thin long rod into the borehole having a highly reflecting material at its end and 
with the help of a flashlight observing the maximum depth at which it was possible to see this reflecting 
material. This method is not used anymore at Kiruna Mine, since it has a poor accuracy for long boreholes. 
However, we have made an analysis of the available data that were collected through the years. Figure 3 
shows one of the results of this study in comparing the performance of top hammer against Wassara hammer. 
The analysis involves measurements of 611 boreholes varying in length from 15 m to 40 m. There were a 
total of 246 measurements for boreholes drilled with top hammer and 365 boreholes drilled with Wassara 
hammer. The boreholes were divided into six different classes according with its length, from 15 m to 40 m. 
Since these measurements were made in a time period when the mine was using a different drilling layout, 
the longest borehole was about 38 m. This figure shows clearly that the proportion of boreholes with visible 
bottoms decrease with borehole length, implying greater borehole deviation with depth. Figure 3 also 
indicates that boreholes drilled with Wassara hammer have less borehole deviation (bigger proportion of 
visible borehole bottoms) when compared with boreholes drilled with top hammer. Furthermore, this figure 
indicates minimal borehole deviation (100% visible bottom) for all boreholes up to 25 m drilled with 
Wassara. 

Assuming that borehole deviation occurs as an arc of circle and that a reflecting material has the same 
diameter as the borehole, one can calculate that the teoretical maximum borehole deviation at lost of sight as 
four times the borehole diameter. Thus, a borehole with 115 mm of diameter would have a borehole 
deviation of about 460 mm at lost of sight.  
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KUJ 820 - Production boreholes
Number of boreholes measured with reflex:611

Top Hammer: 246 boreholes och Wassara Hammer:365 
boreholes
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Figure 3 Measurement of visible borehole bottom  

5 Measurements of borehole deviation by drilling through 
Accurate measurement of borehole deviation in magnetite and in production drill holes of about 50 m length 
is not a simple task. The conventional available equipment for measurement of borehole deviation using 
compass does not work at Kiruna Mine because of the magnetic properties of the ore body. Techniques using 
gyroscope were tried only on a limited occasions at Kiruna mine and, therefore, we are not able to give any 
further details on that. Furthermore, measurement of borehole deviation for long boreholes requires accurate 
measurement of borehole direction. Another problem in measuring blind boreholes is the inability to check 
the results of measurements. However, there is a simple way to achieve information on borehole deviation in 
production drilling. We have made an experimental drilling program at Kiruna Mine in order to study the 
drilling accuracy of top hammer and Wassara hammer. The idea was to drill through two sublevels and 
therefore making it possible to accurate measure the start and end of boreholes using total stations. 

The first drilling program consisted in drilling a total of 12 boreholes starting from level 907 and ending at 
the floor of crosscut 261 at level 849. A total of nine boreholes were drilled using Wassara hammer and 3 
boreholes were drilled using top hammer. All twelve boreholes were drilled in the same area of the crosscut. 
The pattern of drilling was three rows with three boreholes per row for Wassara hammer followed by one 
row with three boreholes for top hammer. Figure 4 shows the measured pattern of drilling at level 907. The 
pattern for boreholes drilled with Wassara hammer was about 1 m by 1 m. The row drilled with top hammer 
was placed about 1.5 m behind the last row drilled with Wassara. All twelve boreholes were drilled with a 
forward inclination of 10º from the vertical and a side inclination of 90º from horizontal. The rows were 
centred in the cross cut (7 m wide) in order to make sure that they would come up two sublevels above in the 
floor of the crosscut. These boreholes were about 54 m long and had a diameter of 115 mm. Since we were 
interested to know the performance of these machines under normal production conditions, no special 
consideration was taken while drilling. 
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KUJ Drilling 907-849
Pattern at roof of Crosscut 261- level 907
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Figure 4 Measured drilling pattern at roof of crosscut 261, level 907  

KUJ  Drilling 907-849
Pattern at floor of drift 261, level 849
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Figure 5 Measured drilling pattern at floor of crosscut 261, level 849  

The measured pattern of boreholes that came through the floor of crosscut 261 at level 849 is shown in 
Figure 5. It is clear from this figure that the starting pattern of drilling has changed after drilling 54 m and 
reaching the floor of crosscut 261. The reason for this change could be of course due to borehole deviation 
but also due to changes into start drilling direction or a combination of these two factors. Thus, the 
knowledge of changes in borehole direction is important to understand borehole deviation. 
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5.1 Measurements of borehole direction and deviation 
After completing drilling operation, it was decided to measure the drilling direction of those twelve 
boreholes. The reason for that is the fact that an error of 0.5° in the drilling direction of a 54 m long borehole 
will result in a deviation of 47 cm from the plan. Since the drill rig has two directions to be aligned before 
drilling (forward and sideways), there is a possibility that these angles can be different from the planned 
ones. Figure 6 shows the results achieved with measurements of borehole direction. The starting direction for 
each borehole was measured three times in order to observe the reproducibility of the method. In this figure 
it is plotted the position (X,Y) of the boreholes in the floor of drift 269, level 849 for three different cases (i) 
as measured, (ii) as with planned direction and (iii) as with measured direction. A measurement is considered 
consistent when it produces the same results for several measurements. Note that the planned and measured 
direction for every borehole are circled in the figure. As one can see in Figure 6, measuring borehole 
direction has produced consistent results for some boreholes but also inconsistent results for others. Borehole 
number 2 in row number 1 and borehole number 2 in row number 4 have had consistent results that are in 
agreement with planned direction. Borehole number 1 in row number 4 had inconsistent results. One of the 
reasons for inconsistence in some boreholes is the poor rock quality around borehole walls, making it 
difficult to achieve a stable direction to be measured. Since we could not measure the drilling direction of the 
boreholes with good accuracy, we decided not to use the measured directions in the analys. However, it is 
possible to calculate the average borehole deviation for these boreholes using these measurement. Such 
procedure produces a value of 77 cm. In the following, we will assume that the drilled direction is the same 
as the planned one. However, the ability of a drill rig to drill consistently according to the planned direction 
is of great importance to achieve good blasting results.  

The results for borehole deviation from plan are shown in Figure 7. In this figure it is shown, for each 
borehole, the measured coordinates at level 849 and the planned coordinates using the planned direction. The 
arrows in this figure indicate the direction and magnitude of borehole deviation from plan for each borehole. 
One can observe that the general direction of borehole deviation from plan is forward. Also, it can be seen 
that the magnitude of borehole deviation is significantly higher for the row drilled with top hammer. The 
average borehole deviation from plan when drilling with Wassara hammer is about 57 cm, with minimal 
value of 40 cm and higher value of 80 cm. For the row drilled with top hammer (row number 4) the average 
borehole deviation was 165 cm. One of the boreholes drilled with top hammer had an unusual borehole 
deviation and it is not included in the analysis. 

In order to have additional qualitative information about borehole deviation in this trial, we decided to 
measure the depth of sight of these boreholes. This simple method consisted in sinking a reflecting material 
in the boreholes and observing the depth of lost of sight. Table 1 below gives the results of the 
measurements. Note in this table that borehole 2-1 stands for borehole number 1 (highest Y coordinate) at 
row number 2. These measurements give only an indication of the amount of borehole deviation and they are 
in agreement with the measured borehole deviation from plan. The boreholes drilled with top hammer (row 
number 4) have the least depth of sight and the highest borehole deviation from plan. 
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KUJ Drilling 907-849
Pattern at floor of crosscut 261 -level 849 
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Figure 6 Drilling pattern at floor of crosscut 261 –level 849 for: (i) measured boreholes –filled 
symbols, (ii) planned direction – empty symbols, (iii) measured direction – star symbols  

KUJ Drilling 907-849
53,8 m long borehole

Pattern at floor of crosscut 261-level 849
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Figure 7 Drilling pattern at floor of crosscut 261 –level 849 for: (i) measured boreholes –filled 
symbols, (ii) planned direction – empty symbols. Arrows give direction and magnitude of 
borehole deviation from plan 

 



 

 550

Table 1 Depth of lost of sight 

Borehole Depth of sight (m) 

1-1 31 

1-2 32 

1-3 39 

2-1 45 

2-2 42 

2-3 36 

3-1 31 

3-2 42 

3-3 37 

4-1 21 

4-2 19 

4-3 19 

6 Further measurements of borehole deviation  
A second drilling campaign aiming at investigating the drilling accuracy of drill rigs equipped with top 
hammers was carried out at Kiruna mine. The plan involved drilling a total of three similar rows of 
boreholes, having each row a total of three boreholes. These rows were spaced about 1 m from each other. 
All nine boreholes had a planned forward inclination of 10° from the vertical. The side inclination for the 
three boreholes in a row was 89°, 90° and 91°. These boreholes had a length of about 54 m, a diameter of 
115 mm and were drilled upwards from level 907 to level 849. 

Measurements of boreholes coordinates at the start and end of boreholes indicate that the average borehole 
deviation from plan for these nine boreholes was 108 cm. The minimal value was 37 cm and the maximal 
value was 178 cm. The pattern of the borehole deviation from plan for all boreholes was backwards, 
indicating that the actual drilled direction was different from the planned direction. This was confirmed by a 
total of three measurements made on the rig while start drilling three boreholes. The average borehole 
deviation, calculated with the measured direction, for these three boreholes was 88 cm and all three had a 
forward pattern as expected. After drilling, we have made subsequent measurements of borehole direction 
for these nine boreholes. One of measurements of borehole direction after drilling was not consistent with the 
one that was measured on the rig. There was a difference in the drilling direction of more than 0.50°. Using 
anyway the results of the borehole direction after drilling and the ones measured on the rig, one can calculate 
an average borehole deviation of 83 cm for all nine boreholes with a general pattern of forward deviation. 

A third drilling campaign aiming at investigating the drilling accuracy of drill rigs equipped with Wassara 
hammer was carried out at Kiruna mine in the current silo layout (see Figure 1). Boreholes number 4 and 5 
of two consecutive fans were extended to drill through the floor of a production drift. The planned side 
inclinations for these two boreholes were 88.9° and 91.3°. The planned forward inclinations for the fans were 
10° from the vertical. These four boreholes were planned to have a square pattern of 3 m by 3 m at the floor 
of the drift in the level 849. 

Measurements at floor of level 849 showed a pattern of 2.9 m between boreholes in the same row and a 
pattern of 1.9 m between rows. Average borehole deviation from plan for these four boreholes was 160 cm 
but this deviation was caused by differences between planned and actual drilled direction. Measurements of 
borehole deviation using a reflecting material showed that all four boreholes had a depth of sight equal to the 
borehole length, indicating straight boreholes. Measurements of borehole direction while drilling and after 
drilling showed showed similar results for one borehole, and therefore, could we calculate borehole deviation 
for this borehole as 35 cm. This measurement showed a difference of 1.4° between planned and actual side 
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inclination for this borehole. It is likely that this difference was the same for all four boreholes since they 
kept their planned distance from each other in a row of about 2.9 m. The reason that the rows were only 1.9 
m apart is explained by the fact that the first row had an actual forward inclination of 9.5° (rig measurement) 
instead of 10° and the second row had an actual forward inclination of 10.5° (one measurement after drilling) 
efter instead of 10°. By using this information one can estimate an average borehole deviation of 38 cm for 
all four boreholes. This is compatible with the visual observation of the boreholes using the reflex metod 
since they have shown a depth of sight equal to the borehole length. 

7 Conclusions 
Measurements of production drill holes at Kiruna Mine have shown that rigs equipped with Wassara hammer 
are able to drill straight boreholes, i.e., with acceptable borehole deviation. The results from the 
measurements indicate a borehole deviation of about 1-1.5% of its length for 54 m long boreholes. 
Furthermore, borehole deviation occurs in a forward pattern minimizing thus its negative impact on blasting 
and fragmentation. These results indicate that any equipment used to measure borehole deviation in long 
production boreholes at Kiruna Mine should have at least an accuracy of 0.5%. 

Further improvements in decreasing borehole deviation from plan can be achieved by improving drill rigs 
capabilities to carry out consistently accurate collaring when drilling long boreholes. It is very important that 
the drill rigs are able to drill production boreholes according to the planned starting direction and 
coordinates. The rigs should be able to be fully anchored in the drift with at least four stingers in order to be 
very stable while drilling. 

Measurements of borehole deviation require accurate measurements of borehole direction. Measurements of 
borehole direction (after drilling) carried out at Kiruna Mine indicates the difficulty in achieving a good 
accuracy, since it is dependent on borehole walls conditions. Thus, equipments to measure borehole 
deviation requiring an initial value of drilling direction as an input data are not suitable to use in sublevel 
caving production boreholes, unless one assumes the planned drilling direction or measures this direction 
while drilling or find a better way of measuring borehole direction. 
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Abstract 
Currently, near 200.000 tons per day are mined from El Teniente, Andina and Salvador underground mines 
of Codelco Chile. All of them placed on hard rock utilizing ‘block caving method’. 

By the middle of the next decade, El Teniente and Andina mines will be placed at deeper and harder rock; 
Salvador mine will be closed, but replaced by Chuquicamata Underground mine. Chuquicamata mine is 
currently one of the largest open pit mines in the world that have to be converted to underground. In 
addition to this relevant challenge, the Company requires to increase the underground production to reach 
near 500.000 tons per day. 

This paper describes the technical answer got by Codelco Chile to achieve this target. A dramatic increase 
of extraction’s rate is expected by means of a new way of drawing the caved ore with a fully mechanized 
continuous drawing system at the production level. 

The Mechanized Continuous Drawing System (MCDS) consists of a set of stationary feeders located in draw 
points, which feeds a continuous conveyor equipped with a crusher in order to reduce the size of material. 
All this equipments are located at the production level, where and ending product is obtained to be 
transported to surface. 

The description includes the design and mine planning issues of the new method developed by IM2 and 
Codelco, the special equipments arrangement developed by Deutsche Bergbau Technik, DBT and the 
industrial tests performed by IM2 and Codelco. 

1 Introduction 
Codelco Chile Company is a state company, with the mission of exploiting the ore resources of several 
mines nationalized by the Chilean government in 1972. After 35 years, the ore reserves are placed in harder 
rock and near 500m deeper than those days of nationalization. Also, the evolution of the company has raised 
the production up 1.8 million tons of copper per year. Currently, 40% of that production is coming from 
three underground mines of sulphides ore of Copper. 

Dairy production of mineral in the underground mines, expressed in thousand of tons per day (ktpd), are 
currently of 120, 47 and 33 ktpd from El Teniente, Andina and Salvador mines respectively. All of them 
exploited by Panel Caving. The rest of fine copper production comes from open pit mines. Among them, the 
largest one is Chuquicamata mine contributing with 180 ktpd of sulphides ore. 

Chuquicamata open pit has to be converted to underground when getting close 1000m deep. This could be 
happening approximately in years 2015 to 2018. Near that time, Codelco Chile Company’s Development 
Plan considers raising the underground production from 200 to 500 ktpd. 

A simple analysis of potential production of those mines with the current technology of material handling, 
mainly based on LHD equipment, leads to the conclusion that it is not possible to get such level of 
production. It could reasonably reach 360 ktpd equally with the distribution of 120 ktpd each, coming from 
the three mines: El Teniente, Andina and Chuquicamata underground. Considering this, last ten years an 
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intensive program of research for technological development has been performed by IM21, focused on 
increase 50% the rate of extraction in underground mines to satisfy the demand of the Development Plan. 

The answer is a new full mechanized material handling system trying to get the extraction from more than 
one drawpoint at a time.  For that purpose, a special stationary feeder was developed for drawing the material 
as well as feed a continuous conveying system that includes a low profile crushing equipment. The whole 
system of material handling is called Mechanized Continuous Drawing System (MCDS). 

2 Concept 
In block/panel caving, the fragmentation process is made by spreading the caving of a surface undermined. It 
starts with an undercut and continues by extracting the caved material trough the drawpoints. The amount of 
material drawn during this stage depends on the “ability” of the ground to collapse and convert itself from a 
continuous solid mass into a confined stock of coarse granular material; this means that a swelling effect has 
to occur such a way that the broken material occupies the same volume as the solid mass. During this stage, 
the extraction rate may be called Spread Rate of Extraction (τs), which is restricted to low values in order to 
avoid the risk of piston effect2 and to avoid high magnitude in seismic events. 

After the complete spread of caving is reached, the whole column of solid mass remains converted in a big 
confined pile of coarse granular material. In such condition it is possible to extract the ore without 
restrictions except the capacity of extraction of the material handling system. During this stage the extraction 
rate may be called Reaping Rate of Extraction (τr). 

Spread and Reaping rates of extraction are expressed in tpd per m2 of active area. To get a constant rate of 
production from the mine, it is required that each time that a block becomes exhausted, another has to be 
ready to be reaped. Therefore, the time took to spread one blocks has to be at most equal to the time of 
reaping another one. Then the following equation3 can be set: 

  κ / τs ≤  (1 - κ ) / τr      or:  τr ≤  τs * (1- κ) / κ  

Where: 

κ = Fraction of volume of ore extracted to swell the broken material in the block 

In conventional LHD block/banel caving operations, this equation is not a matter of discussion,  because τs is 
less than 0.4 tpd/m2 and κ is in the range of 0.25 to 0.35. Then τr has to be less than 1.2 or 0.8 tpd/m2 

respectively, which are quite the maximum achievable with the LHD. So, the balance between spreading and 
reaping blocks is close to 1:1 and it appears as something ‘natural’. 

 A different thing can be seen when the target is to increase the reaping rate of extraction. The first problem 
to solve is how to balance the spreading and reaping areas to get a constant output of production. The 
solution is to have more than one block in spreading phase working in tandem. In this case the reaping time 
has to be a proper fraction of the time taken in spreading a block. This means that the previous equation can 
be generalized as follows:  

 κ / τs =  n * (1 - κ ) / τr      or:  τr =  n * τs * (1- κ) / κ   (1) 

Where “n” is the amount of blocks in spreading phase and one nth of the spreading time equals the reaping 
time. 

On the other hand, the Mean Rate of Extraction (τm) expressed in tpd per m2 of active area (active area 
includes both the spread and the reaping areas) is given by: 

τm = (n * τs + τr) / (n+1)      (2) 

                                                      

1 the Codelco Chile’s Institute for Innovation in Mining and Metallurgy, 
2 When more material than the caving can provide is extracted: a void of air takes place in the stope. If that is the case and the roof 

collapses; it causes the volume of air from the stope is violently expulsed throughout the production level. 
3 Note that if τr >  τs * (1- κ) / κ , it will be a period of time waiting the spreading of the caving.  
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Then: replacing (1) on (2): 

τm =   (τs / κ) * (n / (n+1))     (3)  

Equation (3) says that τm is asymptotic to τs / κ , as it is presented in Figure 1 
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Figure 1 Shape of the curve: Mean Extraction Rate vs. n 

In fact, if n=1, the time taken for the extraction of the swelling volume is the same as the time to extract the 
swelled material; in that case: τm will be only one half of τs / κ .  

From the graphic, it is clear that when n≥3, the effect on τm is not relevant compared with the effort of having 
more blocks in spreading phase. 

Taking common values for: κ = 0.30 and τs = 0.30 tpd/m2; the maximum value for τm is 1.0 tpd/m2. Table 1, 
shows the τr required to achieve the corresponding τm for different values of n. 

Table 1 Mean and Reaping Extraction Rate vs. n 

n Mean Extraction Rate 
τm [tpd/m2] 

Reaping Extraction 
Rate τr [tpd/m2] 

1 0,50 0,70 

2 0,67 1,40 

3 0,75 2,10 

4 0,80 2,80 

∞ 1.00  

Therefore, to increase 50% the Mean Rate of Extraction (e.g. from 0.5 to 0.75 tpd/m2) it is required to 
increase 200% of Reaping Extraction Rate (3 times: e.g. from 0.70 to 2.10 tpd/m2). 

With the conventional LHD system is practically impossible to reach that figures of reaping extraction rate, 
mainly because in that system less than 10% of the active area is actually in use for production. In fact, in 
any production drift there are 10 to 20 drawpoints available to produce, but the loader can only extract the 
ore from one at a time. 

One way to increase the use of active area could be the installation of stationary feeders in the drawpoints. 
The feeders would feed a gathering conveyor placed on the floor of the production drift. In this way, more 
than one drawpoint could work at the same time and a significant increase in the reaping rate of extraction 
may be obtained.  
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Looking for the convenience of continuous transport, early crushing was introduced to size de material for 
making it compatible with belt conveyors and for avoiding grizzlies on ore passes. A very simple 
arrangement of the Mechanized Continuous Drawing System (MCDS) was prepared as indicated on Figure 2 

Service Drift

Production Drift

Draw Bells

Dozer Feeder

Chain Conveyor

Roll Crusher

 

Figure 2 Scheme of Extraction Level 

3 Key element: The stationary feeder 
The first point to solve was to find a stationary feeder to be installed in the drawpoint. The problem in this 
case is that the caving process does not guarantee the size of the granular material. Then the hang-ups are 
expected to occur on drawpoints and blasting charges would damage the feeder seriously. 

Many feeders and special devices were evaluated in this step. None of those solutions gave a safe protection 
against the blasting. Finally, instead of looking for a protected or resisting feeder, it was decided to have a 
removable feeder. In order to remove the feeder: this allows the blasting when a hang-up occurs. Then, it has 
to be located again in the working position. All this process has to be performed in the shortest possible time 
because it has to be repeated many times in the production journey. 

A development agreement was set among Codelco, IM2 and Deutsche Bergbau Technik, DBT, to design, 
built and test the removable feeder. For this step, a new mine design concept was set: in the production level 
there are two kinds of drifts, the production drift equipped with the conveyor, and the service drift to install 
and remove the feeder. Between them: a series of draw bell drifts and the draw bells over them. 

A pile of material will be formed under the draw bell on the floor of the draw bell drift. From the service 
drift, the feeder has to be inserted under the pile, pushing it like a bucket until it is in the right position. Then 
with another mechanism it has to feed the material to the production drift. Figure 3 show the feeder in its 
position before and after penetrates the muck pile of the drawpoint. 
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Figure 3 Feeder before and after penetrate the muck pile 

The feeder is pushed into or pulled out the pile through a concrete trench by means a hydraulic pushing 
system. A lintel of concrete placed in the back of drawpoint prevents the material flow to the feeder drift. 
The front of the drawpoint is only protected by a chain curtain, to allow the material flow to the conveyor in 
the production drift.    

A dozer plate pulls out the material from the pile in a cyclic pattern. When pulling out, the material in the 
base of the pile is pushed and removed which also causes the material upwards scatters down. When dozer 
plate comes back and stops the movement, the pile gets its natural rest condition. 

The hydraulic system of the dozer plate is located under the plate, in the dozer itself. The same pump station 
gives the power for both the pushing and dozer systems. Figure 4 shows the Dozer Feeder feature. 

.  

Figure 5 Dozer feeder 

This equipment was tested on site in Salvador Mine during 2005. More than 10.000 t were extracted from a 
drawpoint adapted for that purpose. In the test, called Test I, it was demonstrated that the feeder is able to 
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penetrate or to be removed quite easily in less than 30 minutes. Also, it was seen that dozer plate not only 
does its work removing the material in the base of the pile, but triggers the scattering of material in the upper 
part of the pile. The mean production rate of the Dozer Feeder was 200 tph. 

An interesting observation after operate the first Dozer Feeder in a drawpoint of Salvador mine, is the fact 
that very few hang up were reported in the tested drawpoint, while in its neighbours, which were drawn with 
standard LHD system, a mean frequency of one hung-up each 400 tons was recorded. This has been 
interpreted as an extra benefit of the “bottom extraction” system compared with the lateral one used in LHD 
system.   

4 Mine Design Criteria 
After Test I, with the key element of the concept already confirmed, it starts the next step in the development 
of MCDS: the mine design of the production level. For doing that, the production capacity was reviewed 
starting from the expected mean rate of extraction. 

 As current τm with LHD system in hard rock of Codelco’s underground mines is in the range of 0.4 to 0.5 
tpd/m2 ; a mean extraction rate of 0.75 tpd/m2 as presented in Table 1, would be minimum to increase the 
production capacity in 50% as it is required by the long range plans.  

In prevention of abnormal situations that have to be compensated with extra production from some sector in 
short periods of time, the design criteria was set for the maximum demand achievable in block/panel caving, 
which is estimated to happen when κ = 0.25 and τs = 0.45 tpd/m2; this means that using n=3 the rates of 
extraction for design purpose are: τm = 1.35 and τr = 4.05 tpd/m2 respectively. With this figures, the design 
capacity is 3 times the current capacity in standard LHD system and exceeds 80% the minimum required for 
long range plans. 

4.1 Defining a Production Module 
Working with fast rate of extraction introduces new conditions in mine sequencing and production planning. 
To hold a constant output of mine production, as it was presented previously; any time it is required to have 
3 units of production in spreading phase per each unit in reaping phase, then, the first idea of production 
module is a set of 4 adjacent units of production. 

The second characteristic of a production module is that its basal surface has to be enough to develop the 
caving process, which is commonly related to Hydraulic Radius4. In this case the basal area is conformed by 
a set of 3 units in spreading phase; which is the area to be undercut and drawn in order to spread the caving. 

The third definition concerning blocks is the drawpoint spacing and its layout. For this specific work, a 
drawpoint spacing of 15m was set to be applied on hard rock producing medium to coarse fragmentation. 

The layout chosen for drawpoint distribution is a square regular arrangement. One of the reasons to choose 
this arrangement was its compatibility with tunnel boring machines or other full face excavators. This takes 
advantage of the absence of curves and from the long straight drifts.  

Figure 6 shows a generic layout, as well as the different states of exploitation: Left part is exhausted. Two 
lines of drawpoints are in reaping phase representing a typical slice of the panel caving concept. Then, a 
block is defined by a square full of drawpoints in different spreading phases. The geometry of spreading 
zone gives a Hydraulic Radius > 20 m which is enough for Codelco’s hard rock. 

                                                      
4 Hydraulic Radius = Area / Perimeter 
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Figure 6 Generic Layout and Panel Caving Progress 

4.2 Production performance requirements 
Production performance may be calculated for a single Production Drift where 4 drawpoints are drawn at 
reaping rate of extraction and 12 drawpoints are drawn at spreading rate of extraction. As each drawpoint 
covers 225 m2, the total active area per production drift is: 

Active Area = 16 * 225 = 3600 m2 

Production has to be: 

Production per P. Drift = 4 * 225 * 4.05 + 12 * 225 * 0.45 = 3645 + 1215 =  4860 tpd 

Considering 50% of availability of the whole system (Dozers, Conveyor and Crusher) there are only 12 
operating hours per day. The rest of the time is dedicated to secondary reduction, maintenance and repairing, 
time when ore pass is full, and any other lost time. 

As the layout selected has the drawpoints arranged face to face, it is not possible to work simultaneously 
with them. Therefore to set the capacity requirement per Dozer only 6 effective hours per day were 
considered. This means that in the reaping zone, the dozer feeder has to have a mean capacity of production 
of: 

Dozer Capacity of Production  = 3645 / 4 = 911 tpd  

 = 911 / 6 = 152 tph 

On the other hand, following the same criteria, the mean capacity required for conveyor and crusher are: 

Conveyor and Crusher Capacity of Production = 4860 / 12 =  405 tph 

Conclusions: The required production capacity of Dozers, Conveyor and Crusher are not extremes. The 
performance requirements for MCDS equipment are perfectly achievable. This is based on the experience of 
Test I where the dozer got a mean extraction of 200 tph, and from different experiences of DBT where Chain 
Conveyors and Roll Crusher got largely more than 500 tph working in surface mines with hard rock:. 

5 System Prototype Test 
Test I demonstrated the effectiveness of single equipment as a reliable tool to extract the ore from a draw 
point, then the companies decided to continue towards a validation stage of the whole concept of MCDS 
which is named the System Prototype test, also called Test II. 

Building and installing the equipment on site, took from 2006 to march 2007, including: engineering, 
contracting, building and assembly of the mine site test by Codelco’s Salvador mine and the equipment 
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supplying and assembly support by DBT. From March 2007 to November 2007 was dedicated to drill and 
blast the undercut and to connect the test site to old caved zones. Test II starts properly on December 2007. 

Test II is conceived to get the final industrial and commercial design features of MCDS. For that purpose a 
special test site was prepared to check the system composed by 4 drawpoint equipped with dozer feeders 
feeding the ore to: a chain conveyor (Panzer), a Roll Impact Crusher and a belt conveyor. 

System Prototype Test is a unique opportunity to collect valuable information to be considered in the 
engineering and designing of the final components of MCDS. Then, complementary data was planned to get 
more knowledge about: draw strategy; secondary reduction best practices, assembly and maintenance best 
practices, dust and noise conditions and functionality or reliability of special devices for automation and/or 
process control. 

5.1 Test Site. 

5.1.1 Location 

The site area selected to perform Test II in Salvador mine of Codelco Chile, is located in the sector called 
Inca West as indicated in Figure 7, which comprises a total surface of approximately 800 m2 and 200 m high 
of ore. 

2007

2008

2009

2010

2008
2007

 

Figure 7 Test Site Location Salvador mine - Sector IW 

5.1.2 Test Site Layouts 

Production Level consist of a service drift (current street 16) 4,3 m wide x 3,8 m high and a central road 3m 
wide x 5,2m high , where the chain conveyor is installed. Four draw point drifts are connecting those roads, 
where the extractors (Dozer Feeders) draw the ore. The cavern for the crusher and transfer station is 
approximately 13 m long by 6m wide and 7,2m high. From there the ore is transported by a belt conveyor to 
an existing ore pass located 60 m apart from the crushing point. See Figure 8. 
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Figure 8 Test Site Layout 

 

5.2 Equipment and Auxiliary Facilities 
Following list describes the equipments and auxiliary facilities that are part of Test II: 

• 4 extractor dozers, manufactured in DBT, with its locking systems and pushing cylinders to 
penetrate the ore pile. Three of them are new and the fourth is the same used in Test I  

• One Central Hydraulic Power Station delivering water oil emulsion to the dozers in every of 4 
draw points in the test area. 

• One armoured chain conveyor (panzer) with its return station and drive head for reversible 
movement without spill plates. 

• One Impact Roller Crusher model SB 1518, maximum feed size 1800mm x 1800mm, out-
coming less than 300 mm in the largest piece. 
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• One Belt Conveyor with a belt scale, 1200mm wide. 
• Command System and Process Data Recording System 
• Dedicated Electrical Power Substation 

5.3 Test Procedure 
A dedicated crew of workers has been assigned by Salvador mine to perform the test. The entire test is 
conducted and supervised by IM2 Field Engineer and assisted by Service Support of DBT. 

5.3.1 Test Recording 

All data are saved in the central command computer of the control room including: time and current in 
motors, pressure in pumps and cylinders and tonnage in the belt scale. Data recording allows a reconstruction 
of the history of operation conditions and studying every minute of operation. 

To complete evaluation of Test II, also the following data are being recorded: 

• All consumables used for operation. 
• All operating, not operating and maintenance time records and its causes, related to all particular 

equipment in the system. 
• Wearing control specially in wearing pieces of: dozer feeder, chain conveyor, and crusher 
• Video record of transport of pieces through underground tunnels and in the test site. 
• Power consumption in pumps, chain conveyor, crusher and belt conveyor. 
• All labour time occupied to perform Test II and all the expenses incurred during it.  

5.4 Partial Results Reports 
Test II considers the extraction of 200.000 tons, 50.000 tons per drawpoint, after that the evaluation of the 
system can be done. As the test is still running there are no definitive results, but partial figures give a good 
prognosis. 

From December 2007 to February 2008, it has been extracted 19.049 tons, almost 10 % of the test schedule. 
In this short period, all components of MCDS are performing much better than expected, but it is very early 
to get definitive conclusions. Final results will be available at the end of 2008. 
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Abstract 
The present study aims to investigate the mining process with the use of parametric models. 

A mixed experimental/analytical approach to the problem based on Fem/Dem simulation tool will be 
proposed to characterize fragmentation, both for blasting and crushing.  

To evaluate the benefits of changes in mine layout, a parametric and sensitivity analysis will be used. A 
parameterization of each single mining sub process is needed to understand how it afflicts the overall cost. 
Both experimental and experimental-analytical models could be used depending on data availability. In 
effect the operations of drilling and exploiting are less expensive as the fragmentation decrease, but 
charging and haulage are more difficult if the average block size is bigger. 

The positioning of the primary crusher right after the operation of exploitation and before the charge 
permits to operate in every process at the best conditions.  

To make the whole process functional, it is important to correctly plan the needed infrastructures to feed the 
machine. The ideal process is to make the rock fall for gravity along a dedicated slope, but some systems of 
slowing down the blocks is needed to guarantee the correct feeding of the crusher. In particular, fine sized 
materials can overcharge the crusher and they should be separated before going into the jaws. Through a 
discrete elements simulation of the fall of blocks, this study want to determine the gradation curve of the 
material after falling for tens or hundreds of meters, when a process similar to autogenous milling occurs. 

Depending on the particular conditions of the mine, after being crushed the material can be transported out 
of the mine by continuous conveyor belt or trucks.  

This study shows how remarkable are the benefices of placing the jaw crusher inside the mine, and moreover 
there are interesting possibilities of automation of the whole process. Only possible limit are the 
geotechnical characteristics of the rocks that should support the opening of great spaces underground, and 
fragmentation energy. 

1 Introduction 
Mining is an old and consolidate process, but recent works demonstrate that optimization of the entire 
process could be done, saving great amount of time and money. The great differences in mining operating 
conditions could point up to the blasting or crushing phase as the more critical at the point of view of energy 
consumption or trough put. As example in recent works Furstenau (1995) used single-particle roll mill 
crushing to demonstrate a 10% energy savings in the drilling through grinding process by increasing powder 
factor by 25%.  Modelling applied in North American mining indicated that a tripling of the powder factor 
would save 25 to 30 million dollars in grinding annually. These examples demonstrate the possibility to 
change the mine use parameters. We will use a generic tool to evaluate the possibility to save energy. 

1.1 Optimization goals 
The main goals of the optimization study are: 

• Compare variants in mine layout.  
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• Optimization of desired parameters for a fixed layout. 

• Develop simulation models for single mining sub process to better understand phenomena and single 
optimization (e.g. blast design tool or crushing simulation). 

2 Optimization method 
The optimization method is schematically explained on figure 1. Mainly it consists on two phases: 

• Splitting mining into sub processes.  

• Identification of single process parameters, and variability. 

 
Figure 1 optimization method schema. 

The single process generates ore throughput and a gradation curve, with energy and good consumption. For 
assigned working condition the single phase could be treated as a single curve gradation/cost and throughput 
value. 

 
Figure 2 conceptual schema. 
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The whole process is defined by a unique throughput, and relations between rock size distributions. The 
determination of the variation law cost/size gradation/throughput can be done experimentally or with the aids 
of numerical models. The model result will be afflicted by the data. Bear in mind that not always the 
optimization of single sub process lead to the overall optimization. 

2.1 Use of parametric model. 
For assigned plant and working data, the overall cost could be calculated with the previous cost/parameter 
data. The next step is the sensitivity analysis, and the evaluation of different layouts: 

• Plant layout and working hypotheses, find for each phase gradation and cost condition. 

• Assign. 

• Output gradation is input gradation for the next phase. 

• Evaluate the overall cost or energy consumption. 

• Variation of single parameter and benefit calculation. 

• Optimization of the process respect to the desired variable. 

Layout variation evaluation: optimize each single process and calculate the minimum cost, evaluate the 
difference in cost and compare to the cost of plant variation. Does it allow a new plant? 

The sub-processes defined in this work are: drilling, blasting, transportation, crushing, and the parameters 
defined for every process is defined as follows. 

2.1.1 Drilling and transportation parameters. 

• Drill number. 

• Drill parallelization. 

• Drill cost drill scheme. 

• Blasting gradation. 

• Labour cost. 

• Machinery cost. 

• Fuel consumption. 

Drilling and transportation overall costs could be in general easily detected by the direct cost of operations 
and machinery. The drilling process is afflicted by environmental or rock conditions, but the dependency 
could be detected directly. 

2.1.2 Blasting parameters. 

• Explosive scheme. 

• Explosive cost. 

• Powder factor. 

• Explosive charge 

• Blasting. 

2.1.3 Crushing parameters. 

Blasting and crushing are the most critical phases because the two processes are directly linked, but the 
output/input gradation afflicts heavily the energy consumption and the blasting fragmentation is also 
dependent on the rock dislocation, environmental factors, and blasting scheme. Local parameters could 
change drastically the cost and importance of the single process. 
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• Rock type. 

• Geological variation. 

• Crusher performance 

• Seasonal temperature variations. 

• Set points and operational parameters. 

• Maintenance issues. 

2.2 Blast design and fragmentation simulation tool. 
The aim of blast design and fragmentation is to develop a model to predict fragmentation. The importance of 
this tool comes from the previous concerns about crushing and fragmentation phase.  

The Kuz-Ram model is an empirical model which predicts fragment sizes for varied blast parameters. The 
evidence is that the optimization of drilling and blasting using geophysical analysis will result in better 
control of rock fragmentation. These analyses will increase the understanding of the dislocation model of the 
rock.  

Other tools are based on the layout of drilling and the bi-dimensional analysis evolved by Kuz-Ram model. 
We propose the use of Ls-Dyna simulation capabilities for blasting and crushing design, associated to 
experimental equipment capable to identify the behaviour of the rock loaded by high strain rate stress, such 
those in fast fragmentation. 

Main advantages are: 

• Simple and robust set up for blasting simulation with 3dimensional shapes. 

• Good wave stress prediction. 

• Taken in account of viscosity of the rock and variation of the proprieties by the velocity of the load. 

• Possibility of gradation prediction with DEM models. 

2.3 Experimental equipments. 
Hopkinson bar or hydro pneumatic devices: the final objective is the measure of the energy absorption for 
the complete rock failure, and the detection of the gradation curves. 

This could be made by: 

• Measure of the dynamic response for rocks (stress-strain curve for high strain rate). 

• Measure the damage and fracture propagation during the dynamic loading. 

• Definition of the amount of explosive necessary for a controlled fracture. This will be done by 
measuring the coupling explosion and rocks by using a wave transductor developed from the 
Hopkinson bar principle. 

 
Figure 3 Different equipments used for different strain rate deformation. 
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Figure 4 Bundle Hopkinson bar for dynamic tension testing of plain concrete. 

 
Figure 5 Failure propagation through the specimen (cube 200mm side) measured by bar bundle 

technique. Correlation with total load versus time.  

 
Figure 6 Hopkinson and hydro machine detecting the fracture evolution and stress/ strain/ 

strain rate. 
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3 Example of simulation results. 
Some of the results obtained during simulation are showed on the following figures. 

 
Figure 7 Contours of effective strain – strain rate during blast simulation.  

 

Figure 8 Wave stress.  

 

Figure 9 Fragmentation of rock falling along a slope.  
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Figure 10 Crusher experimental curve for size and throughput.  

 

Figure 11 Indicative gradation curve.  

3.1  Energy consumption 
Making some basic assumptions about the amount of energy required for the crushing, it is possible to 
compare energy used for primary crushing and potential gravitational energy. 

Checking some catalogues of primary jaw crusher, the maximum power installed (160kW) and the maximum 
capacity per hour (600ton/h) can be obtained. 

The consumption of energy per ton of rock can be so calculated as (1): 

160 0.27
600

kW kWh
tonton h

=      (1) 

The potential gravitational energy is obtained by the formula (2): 
U m g h= ⋅ ⋅         (2) 
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This results on an approximated height of 100 meters, but depending on the efficiency of the crusher could 
be even less. 

The fact of positioning the primary crusher directly inside the mine permits to optimise the cost of the other 
common operations. That means all the operations are carried out with the same product gradation (rock size 
distribution). Instead of that, as explained on figure 11 where conventional method is represented by a dotted 
line, it is possible to put the crusher right after the first operations. The arrows above or below any operation 
represent in which direction the operation is going to be cheaper, increasing or decreasing the rock size. The 
shadowed area represents the nominal input and output of a primary crusher. An input and output security 
factors have been introduced into calculations, to avoid bridging the crusher or overfeeding it.The length and 
slope of the line representing the falling phase depends on the effective fragmentation energy in the fall. 

 
Figure 12 advantages of carrying out the primary crushing inside a mine compared with 

conventional method. 

3.2 Cost curves 
The operations mentioned above have different cost lines in function of rock size. All of them are expressed 

on $ ton , a part from transportation that is on $ ton km⋅ . Some of the costs decrease when rock size 
increase, and vice versa. Notice that the lines are approximations and real curves might change from case to 
case. Those values are just suppositions and any specific mine should calculate their own costs. 
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Figure 13 cost lines for each operation as function of rock gradation. 

Performing the cost analysis with the presented data, we simulated an overall extraction cost of 24 $/ton 
considering the primary crusher inside the mine, against 30 $/ton with the conventional method.  

4 Conclusions 
As conclusions, we performed a sensitivity study to see which parameters had major influence on the 
simulation. In particular, we calculated the percentage on change on saved money from conventional method 
as function of the percentage of variation of each parameter. 

The effective reduction obtained during the fall of rock previous the primary crushing affects sensibly the 
advantage of using one or other method. Anyway even for a low reduction during falling, the proposed 
method is still more profitable than the conventional one. 

It results evident that the most important parameters depend on the design of the crusher and mainly its 
possibility to handle oversized blocks. 
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Figure 14 Crusher experimental curve for size and throughput.  

The sensitivity analysis over the costs lines shows that difference of extraction cost between methods does 
not relay on crushing costs, but mainly on drilling and blast expenditures. 

Possible further developments of an optimization study are the feasibility of a crusher that accepts a wide 
range of rock sizes, the possibility to separate fines with a low cost process, or in general any other sub-
process that can contribute to a reduction of costs and/or an improvement in efficiency. 
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Abstract 
The Henderson Operations conveyor system was commissioned in October 1999. The system replaced a 
train haulage conveying system with a crusher and conveyor system. The 24-kilometer conveyor system 
consists of three main conveyors with lengths of 1.2 km, 16.7 km and 6 km. Over the last eight years of 
operations, the conveying system has been gradually pushed to design limits. Several of the commissioned 
safety systems have been replaced and numerous modifications have been made to improve performance, 
minimize downtime and enhance availability. Prototype equipment and unique tracking systems have been 
developed to facilitate conveyor maintenance activities in longer conveyor belt systems. This paper will 
chronicle the maturation of the conveying system, as it exists today, present an owner’s view of the lessons 
learned and an update of the conveying systems. 

1 Introduction 
The conveyor portion of the Henderson 2000 Project is one of the longest and most complicated conveyor 
systems ever constructed. It comprises three primary conveyor belts, 1.2 m in width, that transport 
molybdenum ore at a designed capacity of 2,270 mtph over 24 kilometers from the underground crusher on 
the 7065 level to the stockpiles at the Henderson mill site (see Fig. 1). Each of the three primary conveyor 
belts is uniquely designed to function in vastly different operating environments and include several 
innovative concepts in conveyor design that have been validated over the last eight years of production.   

 

Figure 1  
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The focus of this paper is on the conveying system and associated conveyor belts. The first conveyor belt is 
PC1 (Primary Conveyor #1) with a length of 1,220 m and a lift of 160 m. PC1 utilizes 1,388 kW of the 
installed 1,500 kW to move material at a designed rate of 4.5 m/s. PC1 is suspended from the back of the 
underground excavation on a 14% grade with chains and turnbuckles. 

PC2 conveyor remains one of the longest single flight conveyor belts in the world with a length of 16.7 km 
and a lift of 475 m. PC2 utilizes 6,490 kW of the installed 8,200 kW to move the belt at a designed speed of 
6.1 m/s. PC2 is the only Henderson primary conveyor belt that did not include a belt turnover in the original 
design. This is clearly one aspect that should have been incorporated given the problems maintenance has 
experienced with controlling carryback and cleaning a belt that moves at a high rate of speed. 

PC3 conveyor runs overland 6.4 km through mountainous terrain to the mill site. PC3 contains eleven 
vertical curves, nine horizontal curves and a tail drive to facilitate belt steering in the first horizontal curve. 
PC3 has a lift of 76 m and utilizes 2,672 kW of the installed 3,000 kW to move material at 4.5 m/s. 

2 Commissioning / Project Start-up / Initial Operation 
Conveying systems that incorporate the latest in conveyor technology, such as the Henderson conveying 
system are not without start-up challenges and successes. Subsequent to a series of performance tests 
completed ahead of schedule in mid-November, 1999, the conveying system was turned over to the mine 
owners for production. One of the performance tests exposed a weakness in the anchoring system for the 
PC2 tail pulley as belt tensions forced the tail pulley to be pulled from its foundation. The anchoring system 
was redesigned and re-enforced with longer support embeds and the tail pulley was remounted. No further 
issues have resulted. During these performance tests, PC1 was observed to perform adequately with few 
operational issues.  Figure 2 below illustrates high lift at Con 9 on PC3. 

PC3 is a very complex conveyor belt due to the number of horizontal and vertical curves necessary to convey 
ore overland in the mountains at 2780 meters above sea level. PC3, as well as PC1 is equipped with belt 
turnovers. Due to the amount of wind and snow at this elevation, it became apparent very shortly during 
commissioning that these turnovers and take-up cart systems would need to be protected from the elements 
and covers were installed. PC3 is unique in that there are no training idlers to facilitate belt tracking in the 
horizontal curves. Proper belt tracking is achieved by banking the idler frames from 2 degrees to 12 degrees 
and belt steering is assisted by tilting the wing rolls forward by 1 degree. The fixed frames do not allow for 
any field adjustment. Belt tracking in the horizontal curves of PC3 performed very well at start-up and 
continues to be a non-issue.  

 

Figure 2 
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PC2 conveyor belt is the primary link connecting the underground mining and crushing operation with the 
surface conveying and milling operation. PC2 conveyor had most of the significant start-up issues. The 16.7 
km long conveyor belt is equipped with an active winch and gravity take-up system that includes a horizontal 
take-up carriage with 50 m of movement. The take-up system is reeved in such a manner as for each meter of 
counterweight movement; the take-up carriage moves 4 m. The system also includes a large hydraulic 
cylinder positioned underneath the counterweight designed to lock the counterweight during an emergency 
stop to prevent the take-up from feeding belt into the system. The locked counterweight eliminates the low-
tension wave created during an emergency stop where the drives, with their power abruptly cut, could not 
ramp down in a controlled manner. The active winch has two 75 kW motors and is controlled by limit 
switches positioned on the counterweight. This take-up system and its interaction with the winch motors and 
the brakes have been problematic from the beginning, resulting in significant downtime and continue to be 
the focus of current conveyor challenges today. 

The winch drive system was not designed for the bi-directional loading it was experiencing and had 
numerous mechanical failures, i.e. the interface between the gearbox and the winch drum failed twice. It was 
also recognized that the winch and gravity take-up could not keep up with the belt being fed into the take-up 
system by the drives during start-up and that the winch motors were drawing 110% of rated power during 
winching operation. This was exacerbated by the fact that once a load cell was installed on a counterweight 
sheave to provide a means of measuring rope tension, the counterweight was determined to be over design 
requirements by ~10%. Corrective actions included: 

• Strengthened the interface between the gearbox and the winch drum with additional dowels. 
• Reduced the counterweight mass by 19 tonnes. 
• Replaced original soft starters for the winch motors with larger ones. 
• Modified the start-up curve on PC2 to include a 60 second plateau at 10% speed to allow the winch 

and gravity take-up to keep pace with the belt stretch. 
• Installed holdbacks on PC2 and PC3. 

The braking system on PC2 conveyor has presented some challenges from the start. The brakes were 
originally designed as a means to shorten the stopping time of PC2 to prevent overloading the tail end of PC3 
during an e-stop. After recognizing that roll back protection was necessary but before the retrofit could be 
implemented on PC2 it was necessary to utilize the brakes to prevent roll back. The brake logic was changed 
to keep the brakes applied until the motors achieved 10% torque and then release. This prevented the 
conveyor from rolling backwards during start-up. Once the retrofit of the rollback protection was installed, 
the brakes assumed their original role of only assisting in reducing the stopping time. During the past eight 
years of operation, the brake system has undergone several upgrades. Initially the stopping effort was a 
purely hydraulic operation, which relied solely on the hydraulic decay rate to determine braking effort and 
stopping time of the system. The first upgrade was to install an electronic control circuit, which applied only 
enough braking effort to attempt to follow a preset brake curve. The second upgrade included the next 
generation controller. The third upgrade was forced by the fact that the manufacturer no longer supported 
their outdated hydraulic units and new updated hydraulic units were necessary to continue using the same 
system.  

PC2 is the only primary conveyor belt at Henderson that did not include a belt turnover as a part of the 
design. The concept of a belt turnover is that the conveyor belt is flipped over as it returns from the head and 
flipped back over just before it enters the tail. This allows the “dirty” side of the belt to be in the upward 
position as it travels down to the tail. The belt, in this flipped position, will contain all material (carryback) 
that is not cleaned by the scrapers or other belt cleaning devices and deposit this material just before the tail 
in a central location when the belt is flipped again.  Another benefit of the pulley side of the belt riding on 
the return idlers is that the return idler cans are not subjected to the abrasive film that the carryback material 
provides between the belt and the idlers. This abrasive film is a primary cause of return idler failure due to 
wear-induced holes in the idler can. 

This is one design feature that Henderson regrets was not explored fully on PC2. The rationale for not 
initially including this feature into PC2 was the concern about the belt tensions relative to the edge cords in 
the conveyor belt. PC2 has an ST rating of 5400 with 66 cables, 10mm in diameter. This size belt had never 
been turned over before and there was reluctance to make this one the first. In hindsight, it has been 
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evaluated that this would not be as imposing as initially thought. In fact, Henderson recently rejected a 
turnover retrofit on the basis of cost and the duration of the production interruption for installation. 

2.1 Increased Tonnage Requirement 
The Henderson conveying system was commissioned in the last quarter of 1999. During the time frame from 
1999 through 2003, demand for molybdenum was low and Henderson’s production requirements relative to 
worldwide supply and demand were less pronounced than it is today. During the first four years, the upper 
limits of the conveyor design capacity were never truly challenged, allowing Henderson personnel to 
familiarize themselves with the new system and work through the issues that developed over time at a 
reduced production rate of 1770 mtph. The throughput capability gradually increased to 1950 mtph but it was 
rarely utilized because it was not necessary to meet daily production targets. 

The summer of 2004 marked the beginning of a sustained ramp-up in production that continues today at the 
Henderson operations.  The throughput capacity of 1950 mtph became the normal operating conveyor setting 
as previous obstacles to production throughput, such as truck and chute availability, became more favorable. 
Henderson has increased its production rate steadily each year since 2004 and the conveyor throughput and 
availability has responded accordingly with each successive step change. The production increases have been 
so successful that in January 2007, the throughput settings in the conveyors PLC had to be modified. The 
normal throughput setting is now 2270 mtph, which is the design limit of the conveying system. Assessments 
are currently in progress to understand if this design limit can be increased. 

2.2 PC2 Washbox  
PC2 conveyor, traveling up 3% grade for 15.4 km over 8,800 sets of carry rollers, tends to segregate the 
material, placing the finest, most difficult to clean material directly on the conveying surface. The material 
tends to cling to the conveying surface of the belt and not discharge with the rest of the load into the 
discharge chute. This material, if not cleaned from the belt, carries back on the return run falling off at 
various points along the conveyor causing housekeeping and maintenance issues. This material is typically 
finer and has higher moisture content which in turn leads to higher adhesion characteristics. It is generally 
more compacted to the belt due to the compressive action of the belt going over the carry idlers. 
Conventional belt scrapers have been and continue to be an effective means of removing large particles but 
are unable to completely remove the sub-micron film of material from the surface. The sub-micron material 
that carries back on the return run of this 15.4 km long system accounts for many man hours devoted to clean 
up, as well as the detrimental effect on the return idlers. In an attempt to clean this material from the 
conveyor belt surface, a belt washing system was designed and implemented in 2001. 

In conjunction with an engineering firm, Henderson set out to design a belt washing system that operated 
under two limiting parameters: 

• Very little water was available at the head end drive station of PC2. 
• The resulting slurry produced from the wash box would have to be put onto PC3 conveyor, since 

there are no discharge flows from this building.  

The resulting design incorporated a system that utilized a 38 bar wash bar that delivered .44 liters/sec. 
maximum depending on the number of spray nozzles. The initial system consisted of 1 low pressure spray 
bar, 1 high pressure spray bar, 1 cleaning brush, three secondary belt scrapers and 2 air knives to do the final 
drying of the surface. The entire system is PLC controlled with the original ladder logic written to operate as 
follows: 

• Condition #1 (empty belt) energize only low pressure spray bar with only the #3 scraper up against 
the belt (squeegee type scraper blade) #1 air bar activated and slurry pump disabled to prevent 
pumping slurry onto an empty PC3 conveyor.  

• Condition #2 (loaded belt) energize only the high pressure spray bar, activate the belt cleaning brush, 
raise all three belt scrapers against the belt and activate both #1 & #2 air knives. 

The system has gone through various changes during the past 4 years. The brush did not work as hoped and 
no longer exists. The low-pressure spray bar was not effective and has been eliminated. Problems that have 
been identified with this system: 
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• Increased spray pressure to 1800 – 2000 psi, still not enough to completely wash this material from 
the surface of the belt at 5.3 m/s. 

• Inability to completely dry the belt surface before leaving the building causing slurry to build up on 
structure and collect on the ground outside of the building.  

• Pumping slurry onto the outgoing conveyor (PC3) causes belt-cleaning issues on this system. This 
also leads to carry back which builds on PC3 structure and freezes during the winter months. 

• At times the system gets overwhelmed with too much material and high enough solids in the pump 
tank that the pump is unable to keep up. The system has to be shutdown and the pump box drained 
and cleaned. 

• Pumped slurry onto the outgoing conveyor (PC3) during winter months freezes to the surface of PC3 
conveyor belt. Frozen material damages the belt scrapers causing down time to replace or repair 
theses systems. 

• The system has not accomplished eliminating or even reducing the amount of resources necessary to 
combat carryback material for the entire return run of the conveyor. 

3 Conveyor Belts 
The Henderson 2000 Project was enormously successful on many levels but particularly as it relates to 
partnering with selected vendors to find engineered solutions to the challenges posed by a project of this 
magnitude. At the onset, 48 kilometers of conveyor belt needed to be manufactured to satisfy the system 
requirements. After an exhaustive benchmarking and quality control process, a German manufacturer was 
chosen to be the supplier for the project. The design of the conveyor belt included a unique four-step splice 
design for PC2 and a special low-friction compound bottom cover to reduce idler-indentation resistance at 
conveyor start-up. 

The manufacturer and Henderson personnel for warranty purposes annually inspect the conveyor belts and 
splices in the Henderson conveying system. All splices are measured for thickness, Shore hardness and for 
any signs of physical deterioration. These measurements taken over the past eight years conclude that the 
low-friction compound in the bottom cover has not deteriorated in terms of hardness and that the splices 
remain sound and intact – 48 million tonnes later. The splices on all primary conveyor belts are monitored on 
a quarterly basis for changes in the splice signatures. There has been no indication of cable movement or 
change in the splice signatures over the last eight years. Projections based on wear and general condition 
continue to support the assessment that these belts will be viable for years after the manufacturer warranties 
expire. 

3.1 Belt Protection Systems 
The primary conveyor belts were commissioned with two separate safety systems designed to protect the belt 
and monitor the splices.  One system, common in long conveyor belts is a “belt-rip” system designed to limit 
the damage that may be induced by a foreign object such as steel lodged in the transfer chutes. In addition, an 
on-line system was installed at the tail of each of the primary belts at Henderson to monitor any changes in 
the splice signature and detect cable damage. 

The belt-rip system installed in the Henderson conveyor belts consists of belt-rip detection loops vulcanized 
into the conveyor belt at the time of manufacture. The continuity of these loops is validated before and after 
the transfer chute at the head and tail of each belt. If a loop is damaged as it passes through the transfer chute, 
the belt-rip system, connected to the PLC, will shut the conveyor belt down. The continuity of the loops 
installed in the Henderson belts proved to be compromised by the tiny connections to the transponders inside 
the belt-rip loop circuit that were installed as a part of a belt positioning system by the same manufacturer. 
These transponder connections proved to be more fragile than the standard loop connection. Under certain 
and unpredictable conditions, the loop would intermittently lose continuity at the transponder connection and 
the loop could read as a failed loop. The manufacturer of the installed system eventually went bankrupt and 
replacement parts such as antennae and cards for the installed system were no longer available. Henderson 
was forced to replace the electronic component of the belt-rip system in 2005 with an established 
manufacturer whose equipment was compatible with existing belt-rip loops. Henderson will continue to 
replace belt-rip loops due to the transponder failure mode in the years to come.  
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Additionally, a belt-monitoring system was installed at the tail of each of the primary conveyor belts. This 
system was designed to provide feedback on the splices installed in the belt and detects damage to cables in 
the conveyor belt. This system used pattern recognition to determine whether there had been any change in 
the signature of the installed splices and would shut down the conveyor if the recorded change in the splice 
signature exceeded a programmed level. This system was fraught with operational problems from the 
beginning. Very few personnel understood how the system functioned and eventually, the system sensitivity 
was systematically reduced to the point of being ineffective just to minimize nuisance conveyor stoppages 
and system resets. Problems included lack of manufacturer support, out-dated operating system hardware and 
complex software to maintain and understand. The system has not been functional for several years. 
Conveyor splices and cable integrity is monitored on a quarterly basis via a private contractor. 

The pull-cord system, which initially included an emergency-stop cord and side-travel protection in one line 
on PC3, contributed to a large amount of system delays until a new design was implemented. The system on 
the overland PC3 conveyor was particularly susceptible to damaged electronic cards due to lightning strikes, 
but the systems on all the belts were difficult to troubleshoot and stations in fault were difficult to locate due 
to a poorly designed communication protocol. The protocol did not have the ability to perform error 
checking on the data transmissions and would often communicate a false representation of the location of the 
faulted station. Troubleshooting entailed checking the entire system, one station at a time until the 
faulted/damaged equipment was located.  

The redesigned emergency pull-cord system on PC1 and PC2 breaks the safe line signal into segments and 
interfaces the signals into standard programmable logic controllers (PLCs) at each segment. On the 
underground section of PC2, existing power and communication lines that run through the length of the 
tunnel were utilized. The pull-cord control stations were also remounted on the floor to minimize vibration 
failures. On the PC3 overland conveyor, the system interface to the safe line signal also needed to account 
for side travel switches at specific points of radius. As there was no existing power and communications, the 
design needed to address both these issues and ensure that nearby lightning strikes would not affect the 
operation. Small PLCs were coupled with radio modems to provide a communications network. Power for 
these electronic devices at remote locations along the PC3 corridor was obtained using the conveyor belt to 
turn a specially designed conveyor idler that powered an alternator to keep a set of 12-volt batteries charged.   

The results of this redesigned system have been very successful. Downtime on the conveyor due to pull cord 
system failures has been reduced by approximately 95 percent, and failures are generally well defined and 
easy to repair. 

3.2 Conveyor Idlers 
Conveyor idlers were the source of considerable attention in the design of the Henderson conveying system, 
especially PC2 conveyor belt. PC2 conveyor is positioned in the old haulage tunnel that was the primary 
conduit for the train haulage system that the conveyor belt replaced. This tunnel is over 15 km long on a 
constant 3% gradient. Once the PC2 conveyor exits the haulage tunnel, the conveyor is overland to the 
conveyor head for an additional kilometer. The bearings selected for the idlers used were oversize bearings 
with non-contacting seals. In conjunction with other design concepts such as a large diameter center roll and 
the low-friction compound bottom cover to reduce idler-indentation resistance, the running resistance and 
operating tensions of PC2 were significantly lower than expected. 

While the shielded bearings that were installed in the conveyor idlers were effective as part of the overall 
efforts to reduce rolling resistance and operating tensions on PC2, the shielded bearings were less than 
adequate protection against moisture and contamination ingress. As a result, bearing failure rates were high 
after two to three years of operating in the lower portion of the PC2 tunnel environment. Henderson Mine 
eventually began the replacement of the idlers with shielded bearings with idlers containing sealed bearings 
to provide better protection in this harsh environment. Henderson continues to test different idlers with a low 
rolling resistance in the conveying system. It is important to note that in the underground portion of PC2 
alone, there are over 30,000 of the 50,000 idlers in the conveying system. 

Premature idler failure was the catalyst for developing some significant systems used by Henderson 
maintenance. Long conveyor belts with thousands of idlers inspected on a shift-by-shift basis pose 
significant challenges in managing the data that is generated by these inspections and replacements. In 2002, 
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Henderson implemented a process and a database that would help manage this data, keep track of failed 
idlers, the reason for failure and the position of the failed idler within the conveyor structure. Henderson 
maintenance personnel utilize a hand-held computer on daily inspections as well as maintenance shutdowns 
to record the activities relative to conveyor idlers. Using a dual-function screen depicting a typical conveyor 
table on the hand-held computer, technicians are able to record all transactions relative to idlers, return to the 
office and download those transactions into a Microsoft Access database.  

The data collected and captured in the field is used in a variety of different ways. The inspection data 
consists of the exact location of a potentially failing idler within the conveying system as identified by 
maintenance personnel. Thus they or others can return to the exact location within the conveyor system to 
replace the identified idler when conveyor downtime is available. When scheduled downtime becomes 
available, the database is queried to determine how many potentially failing idlers have been identified 
during the previous run period to ascertain what and where the scheduled work for the maintenance 
downtime will be. In this sense the database performs the function of a scheduling tool for the maintenance 
planners. 

The records of these idler transactions and the data relative to idler replacements are also used as an 
analytical tool. A graph of idler failure count at defined mileposts (P) along PC2 is shown in Figure 3 below. 
The information in the database can be used to: 

• Track idler failure within the conveying system 
• Track failure of idler type and distribution 
• Track test idlers performance and location within the system. 
• Track repeated idler failure in the same location. 
• Track failed idlers for warranty purposes. 

The implementation and utilization of this database has been significant to the conveyor maintenance 
program in that, capturing the data in the field has saved thousands of supervisor/planner man-hours just 
inputting data generated from the daily inspections alone, irrespective of the knowledge that comes from 
understanding the failures within the system. 

 

Figure 3 

3.3 Conveyor Idler Handling Equipment 
Most of the PC2 conveyor structure is situated in the former train haulage tunnel. The conveyor structure is 
mounted to one of two rail lines that run through the tunnel. The other rail line is still actively used by diesel 
equipment that provides the means to inspect and maintain the conveyor system. 

When idlers began to fail en masse in 2002, it became apparent that Henderson personnel were being 
exposed to significant risk of a back injury handling and changing conveyor idlers in the PC2 underground 
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corridor. The return idlers weigh over 28 kg and in order to change one return idler, that idler or its 
replacement would be physically handled as often as four times. Henderson management deemed that risk 
unacceptable and embarked on an ambitious and aggressive project with an objective to minimize the 
hazards. The objective was to develop and implement a process of changing idlers that would eliminate or 
significantly reduce the act of physically handling any conveyor idler. That objective was achieved in 2004 
with the delivery of a prototype idler handling machine and the installation of an idler loading dock. 

The idler loading dock consists of a raised concrete deck for storage of pallets of conveyor idlers poured to 
an elevation that is compatible with the elevation necessary to load idlers onto a specialized track flat. 
Located above the idler loading dock is an overhead bridge crane with a pneumatic balancer and magnetic 
gripping tool specifically designed for hoisting conveyor idlers. (Figure 4) 

 

Figure 4 

The specialized track flat consists of four pieces of material handling equipment designed to assist the 
operator in handling all aspects of removal and installation of conveyor idlers. The storage/feeder rack is a 
four-tiered, doublewide rack system that supports all three different idler sizes. The lower three tiers mount 
at an angle that feeds the rear (uphill) end of the flat. The fourth tier feeds into a worn idler bin/dumpster 
located at the downhill end of the flat. Mounted above the storage/feeder rack is a jib crane used to lift the 
carry and return sides of the conveyor belt. Mounted at the uphill end of the flat and above the storage/feeder 
rack is a modified Positech LodeArm 3030 pneumatic manipulator. (Figure 5) 
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Figure 5 

The process of handling conveyor idlers without physically handling the idler is achieved in this manner. The 
operator uses the pneumatic balancer and magnetic gripping tool to load the idlers from the loading dock 
onto the storage/feeder rack of the specialized track flat. The storage/feeder rack has a capacity of 72 idlers. 
When the storage/feeder rack is full, diesel locomotives will tow the specialized track flat to the belt line. At 
the specified location of the failed conveyor idler, the jib crane will rotate 120 degrees and be used to raise 
the conveyor belt to access the failed idler. The Positech LodeArm3030 pneumatic manipulator arm with 3 
axis of rotation to assist the operator’s movement is used to clamp the failed idler and remove it from the 
frame. The operator will exert .5 kg of force to manipulate 27 kg of mass. The operator will deposit the failed 
idler onto the fourth tier of the storage/feeder rack and the failed idler will roll down the incline into the worn 
idler bin\dumpster. The operator will extract a new idler from one of the three lower levels of the 
storage/feeder rack and position the new idler in the conveyor frame. When the train unit returns to the idler 
loading dock, the bin/dumpster is hydraulically raised and all worn idlers are deposited into a larger 
dumpster for removal from the mine. 

Henderson maintenance personnel routinely change 60-80 idlers every 10-hour shift in this manner. This 
level of efficiency rivals the efficiency achieved by physically handling the idlers. Utilization of specialized 
idler handling equipment offers the maintenance department some distinct advantages. Henderson personnel: 

1) Are no longer at risk of back injuries associated with the repetitive handling of heavy conveyor 
idlers. 

2) No longer have to lie on their backs, often in carryback material and mud, to change return idlers. 
3) Are no longer at risk by “working under a suspended load” as changing an idler in this manner does 

not require personnel to be underneath the conveyor belt.  

A second idler handling unit has been recently ordered with delivery expected in December 2007.  

Maintenance responsibilities of the Henderson conveying system are split at the portal where PC2 conveyor 
exits from the underground environment to the mountainous terrain on the surface. The underground 
maintenance groups, which are comprised of 25 technicians, maintain the crusher, the secondary feeders and 
belts that feed PC1, PC1 drives and structure and 15.5 km of PC2 structure. The surface maintenance group 
consists of eight technicians that maintain 1.2 km of PC2 structure, PC2 drives and PC3 drives and structure. 
Conveyor maintenance groups utilize a scheduled 36-hour shutdown every 12 days to maintain the system at 
80% or better physical availability. 
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4 Summary 
The Henderson conveying system, as commissioned, has experienced some growing pains in the first eight 
years of production as operators and technicians alike familiarize themselves with this complicated system. 
The system is currently running at design capacity limits and studies are underway to assess the potential for 
increased daily throughput. The limiting factors for increased throughput, as currently understood, do not 
appear to be with any of the primary conveyor belts but with secondary belts and chute design instead. The 
Henderson conveying system has proven to be the “world-class” system as envisioned and will be the vehicle 
for reliable production at the Henderson Mine for many years to come.  
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Abstract 
During the last decade, mining companies and mobile equipment manufacturers have pursued improved 
efficiency, productivity, and safety in underground mining operations by automating some of the functions of 
underground vehicles. This paper describes the implementation and successful field testing of a new 
infrastructureless guidance system for autonomous tramming of centre-articulated underground mining 
vehicles (e.g., load-haul-dump and mine trucks). The project described in this paper is the result of a 
technical partnership between MDA, an experienced mining high-tech provider, and Atlas Copco, a world 
leader in the design of underground mining equipment. 

1 Introduction 
This paper describes the implementation of a new infrastructureless guidance system for autonomous 
tramming of underground load-haul-dump (LHD) mining vehicles. Also, included are the results of tests that 
have been performed on two different LHD models to verify the functionality of the system. The project 
described in this paper is the result of a technical partnership between MDA, an experienced mining robotics 
provider, and Atlas Copco, a world leader in the design of underground mining equipment. This work was 
first described in Marshall and Barfoot (2007). 

Despite previous efforts by several parties to automate the tramming function of underground machines, 
widespread adoption of such technologies has yet to occur in the minerals industry. It has been reported by 
mine operators that this is, at least in part, due to poor reliability and lack of robustness in these technologies. 
Thus, the purpose of the described project was to design a fast, reliable, and robust “autotramming” 
technology that does not require the installation of fixed infrastructure throughout the mine. 

There are several factors that make infrastructureless autotramming a challenging task. Firstly, the 
characteristic centre-articulated and hydraulically actuated steering mechanism makes such vehicles difficult 
to control at high speeds. In this paper, we describe a system architecture that effectively handles these 
substantive vehicle dynamics. Another significant challenge is the problem of precise and real-time 
underground localization. Underground mines are constantly changing, thus a system that requires fixed 
infrastructure to localize vehicles would necessitate the constant installation of this infrastructure as the mine 
advances. It is widely viewed that an infrastructureless system is preferable, but such a system must easily 
allow for possible changes/advancement in the environment. In this paper, we describe a robust localization 
method that fuses data from various sensors to determine the position and orientation of the underground 
vehicle with respect to a self-generated metric map of the underground mine. This approach contrasts 
existing systems that either require infrastructure or employ topological methods, which are considered by 
some in the robotics community to be non-robust when arbitrary tunnel geometries are possible. 

During 2006 and 2007, extensive field trials were conducted using two different Atlas Copco LHDs at the 
Kvarntorp Mine, in Sweden. Performance results have been compared with previously recorded manual 
operator baseline times to establish an efficiency that effectively matches that of an experienced operator. 
The autotramming system was found to have remarkable reliability, based on a large number of repeated 
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tramming operations. In summary, this paper describes what we believe to be the next-generation 
infrastructureless guidance system for underground mining vehicles. 

1.1 Development Approach 
The development approach used in this project can be divided in two main phases. In the first phase, a 
detailed model of the machine was designed in a simulation environment. This model was then extensively 
used for the development, initial testing and validation of the autotramming system. The intention was that 
the autotramming system’s software should have settled to its final design upon completion of this phase and 
that only minor tuning of control parameters should be necessary when porting the system to a real vehicle. 
In the second phase, the autotramming system was integrated with the control system of the real vehicle, and 
the complete system was tested and verified in a real underground mine environment. This approach, which 
is a legacy of MDA’s experience as a provider of equipment for space exploration, turned out to be very 
successful. The complete integration and acceptance tests were performed in only 5 weeks. 

In this paper, we report on only the final design of the autotramming system and on the experiments and tests 
performed in the second phase of the project, i.e. the final tests and verification of the autotramming system 
on real LHD vehicles in an underground mine environment. 

2 System Overview 
At the user level, our autotramming system’s operation consists of three steps: teaching, route profiling, and 
playback. During the teaching step, an operator drives the vehicle along a desired route, either on the vehicle, 
or by teleoperation. Simultaneously, sensor data is collected and stored in a binary log file (front and rear 
SICK laser rangefinders, a hinge angle encoder, and a drive shaft encoder for measuring displacement). 
During the route-profiling step, data logged during the teaching step is processed (offline) and converted into 
a format suitable for use by the estimation and control algorithms during playback. The output is referred to 
as a route profile, which contains information about the travelled path, a sequence of overlapping metric 
maps along the path, a record of any pause points (e.g., for dumping/loading material), as well as a vehicle 
speed profile to be tracked during playback. Finally, in the playback step, the system autonomously plays 
back a route profile generated by the teaching and route profiling steps. During playback, navigation and 
guidance algorithms use data from the specified route profile to estimate longitudinal, lateral, heading, and 
vehicle speed errors at discrete instants. The control system then stabilizes these errors so that the vehicle 
follows the profiled path at the desired speed. 

Once profiled, a route can be played back many times. It is expected that re-profiling would only be 
necessary if significant changes to the environment were made; e.g., due to significant mine development. 
Since the vehicle is driven along a collision-free path during teaching, complex path planning is not required. 
However, the system does include short-range guidance algorithms designed to stop the vehicle should the 
profiled path be subsequently obstructed during playback. 

The following subsections provide further details regarding some of the system’s key features. 

2.1 Route Profiling 
A route profile consists of four components: a path profile, a pause profile, a sequence of locally-consistent 
metric maps, and a speed profile. Firstly, a sequence of locations that are equally spaced (typically 0.5 m) 
along the path are created, called path points. We then associate with each path point the configuration of the 
vehicle at that point during the teaching step by interpolating the pre-processed logged data. Thus, the 
sequence of path points and associated data comprise the path profile. 

Locally-consistent metric maps of the mine environment along the path profile are generated using both 
odometry and rangefinder data. Each map is an occupancy grid (Elfes and Moravec, 1985). For localization 
in underground mines, this approach is much more flexible than a system that must classify tunnel topology 
in that it will work regardless of the shape of the walls, so long as the maps are of sufficient resolution. 
However, the use of a single monolithic map to represent the mine environment suffers from two key 
problems. Firstly, in some situations high memory usage is required. Secondly, map inconsistencies can 
result on longer traverses when a vehicle closes a loop or crosses its own path. To address these problems, 
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we employ a sequence, or atlas, of metric maps attached along the path to form an overall route profile; 
which is to say, the system does not rely on one monolithic map and an absolute frame of reference. The 
underlying idea is to create a situation in which the vehicle’s path exists in a high-dimensional space wherein 
it never intersects itself (Howard, 2004). Figure 1 shows an example monolithic and the corresponding atlas 
maps generated from real data acquired during one of our tests in a real underground mine. The monolithic 
map has a resolution of 0.3 m, while the atlas maps each have a resolution of 0.1 m. 

 

 

Figure 1 Example monolithic occupancy grid with atlas maps and vehicle path shown. The grey 
squares indicate the atlas map centres and the circle with cross hairs is a dump point. 

2.1 Playback 
Our objective was to create a system that permits a large articulated vehicle to robustly track the path 
specified by a route profile. During playback, this has been achieved through the design of a two-timescale 
control system. At the slower timescale, or outer loop, are localization and path-tracking algorithms that 
work to reject lateral and heading path errors. At the faster timescale, or inner loop, are rate estimators and 
two controllers that track reference steering rates and vehicle speeds. The underlying justification for this 
two-timescale design is founded on the assumption that we can specify sufficient bandwidth separation 
between the nested control loops. A schematic of the control architecture is shown in Figure 2. 

At the outer loop, there exist two basic algorithms: localization and path tracking. The localization problem 
solved here is one of estimating the vehicle’s pose as it travels through a (locally) known environment. 
Recently, a number of techniques have been developed in the mobile robotics community that globally 
localize a robot in a known environment. Many of these techniques use a particle filter representation of the 
vehicle’s pose (Thrun et al., 2001). An initial design using a particle filter was shown to work in simulation, 
but required the use of too many particles (e.g., greater than 100) for convergence from a reasonable initial 
pose estimate. Variations requiring fewer particles and computational resources exist, but are complex to 
implement. Moreover, the task at hand does not actually require a solution to the global localization problem. 
Instead, we chose to implement a variation of the Unscented Kalman Filter (UKF) (Julier and Uhlmann, 
1996; Wan and van der Merwe, 2000) to position with respect to the locally consistent submaps defined 
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during route profiling. The inputs to the UKF algorithm are the laser rangefinder data as well as wheel 
odometry (i.e., hinge angle and wheel speed); the final outputs are heading and lateral errors of the vehicle 
with respect to the profiled path.  

 

 

Figure 2 Two-timescale control system architecture. 

Briefly, the unscented transformation works by parameterizing mean and covariance information in a way 
that allows for propagation through a nonlinearity. This is done by creating a discrete approximation that can 
be directly transformed, which has the same mean and covariance as the original Gaussian. This 
approximation takes the form of a set of 2n + 1 so-called sigma points (where n is the dimension of the 
configuration space of the vehicle), which are symmetric and have the desired mean and covariance. In our 
case, n = 3 because we are interested in estimating the vehicle planar position and orientation.  

A path-tracking controller is required to guide the vehicle along the path specified by the route profile. Path-
tracking control for articulated vehicles has been extensively discussed in the engineering literature, yet there 
is some disagreement over the form such a controller should take. Some researchers argue that the position 
of both front and rear components of the vehicle should be tracked; others suggest that wheel slip should be 
explicitly accounted for (Ridley and Corke, 2001). We have found that, in practice, neither of these tasks is 
necessary under the two-timescale control architecture if inner-loop controllers are robust enough to handle 
these model uncertainties. Moreover, we have found that rejection of only the heading error and lateral error 
of the front component (when travelling forward) is necessary. We obtain these error signals from the UKF 
algorithm and then employ a nonlinear controller, based on feedback linearization, to drive them to zero, 
thereby forcing the vehicle to track the profiled path. 

3 Integration and system verification tests 
Our autotramming system design was initially integrated and tuned for verification on a 10-tonne capacity 
Atlas Copco ST1010C LHD. Initial tests of the autotramming system were carried out over a period of 
several weeks during March-April 2006 at the Kvarntorp Mine (an Atlas Copco testing facility created from 
a closed mining operation), in Sweden. 

During 2007 the system was ported to, and tuned for, a newly released 14-tonne capacity ST14 LHD. This 
section also presents the result from experiments and tests performed on this platform, which focus on 
localization and path tracking during playback. 

At the time of writing, a field test of the ST14 automation system, including autonomous tramming, is 
underway at a mine in northern Finland. Here, the machine is working in a backfilling operation. The initial 
results from these tests are very good, with flawless autotramming even though backfilling operations were 
not the intended task when the system was designed. 
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3.1 Atlas Copco Test Vehicles 
The ST1010C is a one of a kind prototype machine equipped with Atlas Copco’s standard CAN-based Rig 
Control System (RCS), Figure 3. The machine is based on an Atlas Copco Wagner ST1010 LHD which has 
an empty mass of 26.3 tonnes and takes a payload of 10 tonnes.  

 

 

Figure 3 Atlas Copco ST1010C test vehicle, with sensor layout. 

The standard ST1010 is equipped with direct hydraulics for control of steering, brakes and bucket 
movement, and analogue interfaces to the transmission and engine, e.g. accelerator pedal and gear selector 
switch. In the ST1010C, all vehicle functions are interfaced via a CAN-based computerized control system. 
Since this machine is of an old type and one of a kind, it is not optimal for research on future products. 
However, when the project started this was the only available Atlas Copco LHD that was already equipped 
with the RCS. To enable autonomous tramming, the machine was equipped with some additional sensors and 
an extra computational module. The main sensors added were: a drive shaft encoder to measure drive length; 
a hinge angle encoder; and two laser range finders, one for each direction of travel. 

After the verification tests had been performed on the ST1010C, the newly developed Atlas Copco ST14 
Scooptram was made available for automation, Figure 5. All ST14 LHDs come equipped with a CAN-based 
control system that also includes a hinge angle encoder as standard equipment. The sensor equipment used 
on the ST14 automation ready vehicle (ARV) is slightly different from the ST1010C in that the ST14 is also 
equipped with an Inertial Measurement Unit (IMU). Apart from this, the automation installations are the 
same with laser rangefinder sensors, a drive shaft encoder and an extra computational module.  

The ST14 is not only of a newer design than the ST1010C, it is also a significantly larger machine. With an 
empty weight of 38 tonnes and the ability to carry a payload of 14 tonnes, the ST14 is nearly 50% heavier 
than the ST1010C. This is also reflected in its dimensions, as the ST14 is significantly higher, wider, and 
longer than the ST1010. Compared to the ST1010C, the ST14 also has a higher top speed in addition to an 
improved hydraulic system, where the later reflects in a more responsive steering. 
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Figure 4 Atlas Copco ST14 Scooptram test vehicle, the sensor layout is the same as for the ST1010C. 
The IMU is mounted in the housing of the front laser scanner. 

It should be noted that both of the two test vehicles were used before they were engaged in the automation 
tests. The ST1010C had previously been used for more than 4000 hours in an extensive field test as the first 
LHD equipped with the Atlas Copco RCS system. Our ST14 was also somewhat worn, as it was the first 
prototype of the ST14 model and had been engaged in a field test for six months in a mine in northern 
Sweden. The fact that both vehicles were used is both a benefit and a drawback from an automation 
development point of view. It is a drawback since a worn vehicle can be more difficult to control. A worn 
vehicle is also more likely to suffer from breakdowns such as leaking hoses or engine and transmission 
failures. The latter did not directly affect our evaluation of the autotramming system, but failures delayed the 
overall testing and added uncertainty to the planning. On the other hand, worn vehicles can also be seen as a 
benefit when evaluating a new automation system. Eventually, any automation system employed on heavy 
machinery will have to deal with worn mechanics and hydraulics. In our case, since all tests have been 
performed on used vehicles the autotramming system has already proven to be tolerant to some amount of 
degradation of the vehicles as compared with brand new machines.   

3.1 ST1010C Automation Testing 
In this paper we report on 36 of the trial runs that were performed under strict observations as a part of the 
acceptance test of the delivery of the autotramming system from MDA to Atlas Copco. The main 
requirements of the acceptance tests were two: firstly, the autotramming system should not perform 
significantly slower than a manual operator; secondly, the reliability should be equal to or better than for a 
manual operator. The second requirement was quantified as a navigation precision requirement of ±0.5 m at 
the end of a route, and that the vehicle was not allowed to hit the walls of the tunnels during any of the tests. 

For the purpose of evaluating the autotramming system, a set of test routes were designed to cover different 
aspects and situations that are common in the operation of LHDs. This includes tramming in wide and 
narrow drifts with and without intersections (T1 and T2), as well as curved drifts with both perpendicular 
and long sweeping curves (T3). Also paths including dumping at a dump point (T4 and T5), and direction 
switches (T5) were evaluated. Figure 5 display the monolithic maps for the different routes.  
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Figure 5 Monolithic maps displaying the routes used in the verification of the autotramming system. 
The drift widths in the wider parts of the routes are nominally 11 m, while they are 4.5 m 
wide in the narrow parts.  

Manual baseline times were obtained by timing a human operator driving the same route as the autonomous 
tramming system. The navigation precision of the tramming system was measured by comparing the position 
of the vehicle after stopping at the endpoint of a route, to markings on the ground representing the location 
where the vehicle was stopped during teaching, see Section 2. Several of the test scenarios were conducted 
both with, denoted ‘L’, and without, denoted ‘E’ load in the bucket.  

Table 1 displays the average times for each test scenario for both the human operator as well as for the 
autotramming system. From these results, the autotramming system was calculated to have an efficiency of 
approximately 0.97. During the tests of the ‘T4E’ scenario the vehicle consistently refused to switch to 
fourth gear due problems with the transmission, both in manual and autotramming mode. The timing of these 
runs is therefore not representative and the ‘T4E’ scenario was excluded from efficiency calculation, even 
though displayed in Table 1. Notable is also that the entire area in which the tests were performed is 
illuminated. This is of great help for the manual operator in achieving precision and speed, while it has no 
effect on the autotramming system.  

To measure the navigation accuracy and repeatability of the autotramming system, the final position at the 
end of each run was directly compared to markings on the ground at the endpoint of each manually taught 
route; see Figure 6. The results of these measurements are presented in Table 2.  

Table 1 Average times (in seconds) 

Test Scenario T1 T2 T3 T4E T4L T5E T5L Total 

Human Operator 41.8 27.0 57.0 85.0 90.0 81.0 83.0 464.8 

Autotramming 41.3 25.8 59.5 97.3 89.8 81.8 85.0 480.5 

As can be seen in Table 2 the navigation errors at both dump points and end points of the routes are 
consistent within a given test scenario, and that the precision requirements are fulfilled with large margin in 
most cases. It should also be noted that no route specific tuning was performed to achieve this precision. By 
applying route specific tuning, the navigation errors could for sure be reduced even further. 
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Figure 6 Example positioning measurement from a test run, where the orthogonal lines marked ‘T2’ 
show the manually taught position of the wheel's outer edge. 

Table 2 Longitudinal and lateral positioning errors (cm) covering all measured stops for all 
relevant underground test runs. 

Error / Test T1 T2 T3 T4E T4L T5E T5L T7 

Longitudinal 0 
0 
0 
-5 

5 
0 
5 
0 

-10 
-10 
-10 
-10 

-22 
-20 
-25 
-30 

-20 
-30 
-15 
-20 

-20 
-25 
-20 
-25 

-25 
-25 
-25 
-20 

0 
5 
5 
5 

Lateral 45 
40 
40 
45 

10 
10 
10 
15 

0 
0 
0 
0 

-15 
-15 
-15 
-10 

-10 
-15 
-10 
-10 

20 
25 
20 
20 

-10 
-15 
-10 
-10 

15 
5 
5 
0 

3.2 ST14 Automation Testing and Commercialisation 
Following successful verification on the ST1010C, the autotramming system was ported to the ST14 vehicle 
and its control system during 2007. In this step, the autotramming system was commercialised along with a 
new tele-operation system. As a complement to the autotramming system, the automation system on the 
ST14 also features automatic dumping functionality. This however, is outside the scope of this paper and 
will therefore not be further described.  

During integration and initial tuning of the autotramming system on the ST14, it was noted that the expected 
performance improvement of the inner loop, due to better steering response of the ST14 compared to the 
ST1010C, did not occur. All attempts to increase the bandwidth of the steering rate controller compared to 
the ST1010C resulted in oscillations in the steering, but this was not seen as a large problem since the ST14 
outperformed the ST1010C in the most important test scenarios T4 and T5. However, as new test cases were 
run and the focus of the tests turned towards the overall path tracking performance instead of merely the 
easily measured precision at the endpoint of the routes, it appeared as though the autotramming system on 
the ST14 had a major problem. One of the new test cases consisted of a loop where the machine travelled 
forward in a nearly rectangular path. When playing back this route at high speed (> 4 m/s) it was found that 
the tracking algorithm not only cut the corners of the path, but also severely failed to track the path on the 
straight sections in-between the corners; see Figure 7. In large parts of the path the lateral path tracking error 
exceeded 1 m with a maximum of 1.39 m, something that is completely unacceptable. 
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Figure 7 Monolithic map with estimated path superimposed on the reference path. Nominal drift 
width is 11m. The path tracking error exceeds 1m in large parts of the path.  

 

Figure 8 Estimated lateral path tracking errors for three different runs of the route displayed in 
Figure 7 

Simultaneously, it was discovered that some small but highly significant changes to the hydraulic system had 
been made since the initial modelling of the ST14; see Section 1.1. After remodelling the hydraulic system 
according to the new specifications and performance of the steering, new simulations were made. From the 
simulations, a slightly changed steering controller design was derived and new controller parameters were 
evaluated. The results from the simulations were encouraging and, during the following re-tuning of the 
inner and outer loop on the machine, significant improvements in performance were noticed. When playing 
back the same route again the path tracking errors were greatly reduced to a maximum value of 0.44 m. 
Finally, the speed profile of the route was slightly adjusted to avoid saturation of the steering in the corners. 
This reduced the path tracking error even further to a maximum of 0.28 m, while still reaching a speed of 
close to 5 m/s on the straight parts of the route. The speed reduction in the corners resulted in a modest 
increase of the total time to playback the path from 69 s to 74 s. Figure 8 displays the path tracking errors for 
all three of these described runs. 
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4 Conclusions 
By applying map-based localisation using an atlas of metric maps together with a suitable control 
architecture, our autotramming system was designed with the aim of matching the performance of a manual 
operator. The results presented in this paper are encouraging, and indicate that the system fulfils the 
performance and robustness requirements of an autonomous tramming system for underground mines.  

The system has been tested on two different Atlas Copco LHD vehicle models in underground mine 
environments for more than 18 months (at the time of writing), and is currently being field tested in a real 
operating mine. Furthermore, the porting of the system from our original prototype ST1010C demonstrator 
to the new ST14 commercial vehicle was made easy by the modular architecture of the autotramming 
system’s design. This is important because the system is likely to be ported to many of Atlas Copco’s new 
and upcoming LHD and mine truck models. 

Nevertheless, there remain both challenges and opportunities. One of the major challenges, from a 
commercialization point of view, is to develop tools and interfaces that allow trained LHD operators to not 
only use, but to also administrate the autotramming system; including to record, generate and validate new 
routes. From a technical point of view, the development of an auto loading system is a great opportunity, as 
this would allow for fully autonomous operation of the complete Load – Haul – Dump cycle.  
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Abstract 
Bulk transport of material which may include ore and waste is one of the most important operations in open 
cast mine. This usually termed as haulage in mining and contributes to 30 to 35 percent of the direct cost. 
The above activities need a great deal of engineering thinking as it involves heavy capital investment. The 
haulage inside the mine in general in India involves dumpers and well designed haul roads. In some large 
mines the movement of dumpers is being coordinated by global positioning system (GPS). In this paper the 
detailed study of the parameters which influence the design of haul roads and location of waste dumps to 
facilitates economic haulage and decision to go for advanced system like GPS have been discussed. Some 
deep open-pit mines in India has gone for in-pit crushing unit. The paper also includes a study to decide at 
which point of an open cast mine it is economical to go for in-pit crushing and what are the design 
parameters to be considered to embark upon such a decision. Further in some open cast mines in India the 
crushed ore is transported to beneficiation plant situated at a distant place by long conveyors like 1.Cable 
belt conveyor 2.Tubular conveyor. In order to make a decision total life cycle cost consideration is essential. 
The intent of this paper is to present a study on the design parameters in an open cast mine considering the 
type of ore, type of waste, depth of the mine, distance of the beneficiation plant and many other techno-
economical conditions. 

1 Introduction 
Bulk material transport which includes ore and waste is one of the most important operations in open cast 
mine. This usually contributes to 30 to 35% of the direct cost. In general the hauling of material is divided in 
to two areas that is inside the mine and outside the mine. 

Inside the mine: 

1. Hauling of ore from mine benches to Crushing Plant. 

2. Hauling of crushed ore in the mine to beneficiation plant. 

3. Hauling of waste from mine benches to waste dump. 

Outside the mine: 

1. Transport of crushed ore from mine to beneficiation plant. 

Selection of any particular system needs in-depth analysis of the design criteria to establish a 
profitable material transport system in the mine. 

2 Transport of material inside the mine 
The transport of material like ore and waste inside the mine can be done by using various set of equipment. 
In the back drop of the present technological advances in open cast mine there exists various options 
depending upon the requirement of the mine and its extent. However we can categorize the transport of 
material inside the mine in to two categories. 

i) Uncrushed ore transported to Crushing unit. 

ii) Crushed ore transported to beneficiation plant. 
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2.1 Transportation of uncrushed ore from mine benches to crushing unit. 
Most of the open cast mines in India and abroad can be seen with such a system. However in order to have 
access to the ore in the benches it is necessary to remove a lot of waste and dump them some where away 
from the ore deposit. This itself involves a lot of material handling. Depending upon the type of material 
mined the quantity of waste is determined and needs to be removed earlier to excavation of ore or in many 
cases simultaneously. 

The transportation of ore and waste is in general in India is carried out by dumper shovel combination. The 
selection of a suitable combination can be done by considering a number of influencing parameters. Some of 
the parameters are as follows; 

i) Size of the deposit 

ii) Topography of the deposit 

iii) The requirement of ore to be produced depending upon the market demand. 

iv) The capital investment, which is available. 

The size of the transport equipment is one of the most vital factors that influence the whole system 
considerably. The size of the transport equipment as well as loading equipment is to match with each other. 
Productivity of transport equipment like dumpers largely depends upon the design and layout of the mine. 
The mine lay out in turn depends upon the size and topography of the deposit. In an open cast mine it is very 
common that the mining activity first starts at the top of the hill and the crushing unit is erected not exactly at 
the top but a place where the transport vehicle has to go down the hill in the initial period and up hill in the 
later stage. In that case lay out of the haul roads needs to be decided with an eye to the future. In many mines 
lay out of haul roads are made in the non-mineralized area at the periphery of the mine like a ring road. The 
switch back haul roads are made at each level in to the working area. Fig.1 shows such a view of the haul 
roads. 

 
Figure 1 view of haul roads with switch backs. 
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A case study was conducted in two mines operating a set of equipment like 50Te dumpers and 4-6 M3 
shovels. In mine-A the dumpers were going down to crushing plant as the mine was in its initial production 
phase and the workings were going on at a level higher than the crushing plant level. The gradability, rim-
pull , max gross weight , the rolling resistance and the brake performance provided by the manufacturers 
were consulted to find out the maximum speed for a particular gradient (down haul being negative gradient 
and vice versa) The total haul road was divided in to different sections for conducting the study. The data 
collected by time studies (Nanda 1992) in the mine are given in Table No.1. The haul road length was 3410 
Meters and difference in the elevation is 124 Meters. 

Table 1 Time study of Dumper movement for Load Haul.(Mine-A) 
Road 
Section 

Length 
(m) 

Rolling 
Resistance 

(%) 

Percent 
Grade 
(%) 

Max. 
Transmissio 

(Gear) 

Max. 
Speed 
(km) 

Speed 
Factor 

Average 
Speed 
(Km) 

Hauling 
Time 
(sec.) 

A to B 420 3 0 5th 35 0.50 18.0 84 
B to C 230 2 +5 4th 25 0.70 17.5 47 
C to D 100 2 -12 3rd 20 0.50 10.0 36 
D to E 880 2 -4 5th 35 0.80 28.0 113 
E to F 320 3 0 5th 35 0.70 24.5 47 
F to G 1460 2 -5 5th 32 0.80 26 202 
Total 
length 

3410   Total Load haul 529 

Average speed=23Km/Hr Delay in negotiating the curve =0sec Total time=529Sec 

Table 2 Time Study of Dumper Movement for Empty Return(Mine-A) 
  Road 
Section 

Length 
(m) 

Rolling 
Resistance 

(%) 

Percent 
Grade 
(%) 

Max. 
Transmissio 

(Gear) 

Max. 
Speed 
(km) 

Speed 
Factor 

Average 
Speed 
(Km) 

Return 
Time 
(sec.) 

G to F 1460 2 +5 5th 35 0.70 24.5 214 
F to E 320 3 0 6th 38 0.70 26.6 43 
E to D 880 2 +4 5th 35 0.80 28.0 113 
D to C 100 2 +12 4th 22 0.50 11.0 32 
C to B 230 2 -5 5th 35 0.70 24.5 23 
B to A 420 3 0 6th 38 0.70 26.6 57 
 3410   Total empty time 492 

Average speed=25Km/Hr Delay in negotiating the curve =0sec Total time=492Sec 

A similar study was made in another mine-B where the dumper have to move up hill to reach the Crushing 
plant. The length of haul road is 1610 Meters and the uphill elevation is 70 Meters 

Table 3 Time study of Dumper Movement for Load Haul (Mine-B) 
Road 
Section 

Length 
(m) 

Rolling 
Resistance 

(%) 

Percent 
Grade 
(%) 

Max. 
Transmissio 

(Gear) 

Max. 
Speed 
(km) 

Speed 
Factor 

Average 
Speed 
(Km) 

Hauling 
Time 
(sec.) 

A to B 280 2 0 5th 32 0.50 16.0 63 
B to C 500 2 +6 4th 22 0.75 16.5 109 
C to D 450 2 +5.5 4th 25 0.75 18.75 86 
D to E 380 2 +4.5 4th 25 0.70 17.50 78 
Total 
Length 

 
1610 

    
336 

Average speed=16Km/Hr Delay in negotiating the curve =30sec Total time=366Sec 
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Table 4 Time study of Dumper Movement for Empty Return (Mine-B) 
Road 
Section 

Length 
(m) 

Rolling 
Resistance 

(%) 

Percent 
Grade 
(%) 

Max. 
Transmissio 

(Gear) 

Max. 
Speed 
(km) 

Speed 
Factor 

Average 
Speed 
(Km) 

Hauling 
Time 
(sec.) 

E to D 380 2 -4.5 5th 35 0.50 18 76 
D to C 450 2 -5.5 5th 35 0.75 27 60 
C to B 500 2 -6 5th 35 0.75 27 66 
B to A 280 2 0 5th 35 0.70 24.5 41 
Total 
Length 

 
1610 

    
243 

Average speed=24Km/Hr Delay in negotiating the curve =15sec Total time=258Sec 

By doing a detailed calculation of the out put of the dumper shovel combination the production of the 
dumper can be ascertained in the above for cases. The important techno-economic parameter which needs to 
be analyzed to decide whether the particular haulage system is economically suitable or not are highlighted 
in the Table no.5 .In case of dumper operation the selection of tyre is very crucial an it affects the 
transportation effectiveness. Determination of tyre life is extremely difficult as it is influenced by many 
operating conditions such as speed, load, grade, surface ,curve and quality of maintenance. Hence it is 
necessary to ascertain the minimum Tone-Km/hour rating of a tyre at a particular temperature. Following 
relationship is used 

Average load on tyre =  
 
Average speed=  
 

Tone-km/hour = Average speed Average load 

This gives an insight to the present condition of long haul road and high speed increasing tyre operating 
temperature which in turn brings down the hours of tyre life though it might travel more distance. Similarly 
km-Tonnage gives the relation between lead and lift. The fuel consumption rate of 41.68 
and42.85respectively for mine A and B is considered for calculating the relation between km-tonnage and 
fuel consumption. 

Table 5 Comparison of Operating Parameters for various Case Studies 

Parameters Mine-A Mine-B 
Length of haul road 3410 m 1610 m 
Loading time 140 sec 210 sec 
Haul time 529 366 
Turn & Dump time 50 60 
Return time 492 258 
Stop time 30 40 
Cycle time 1241 934 
Average pay load 48T 48T 
Production/hour 140T 185T 
Tyre cost/hr Rs.97.65 Rs.56.30 
Minimum Tone- km/hr 246 204 
km- tonnage/litre of fuel 11.05 8.80 
Litre of Fuel/Km-Tonnage 0.088 0.143 
In the study the speed considered is the maximum speed at which the loaded dumper descends when the 
retarder or brake can safely handle without exceeding the cooling capacity. Any speed higher than this will 
adversely affect the system by accumulation of heat by making it unsafe. Therefore depending upon the 
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requirement of the ore to be produced, we have to decide the size of the hauling unit. In order to produce 
more than 200 Tone/hour by dumpers in such a mine the dumper size has to increase and suitable loading 
unit is to be provided for matching. As a thumb rule it can be said that where the distance of the crushing unit 
is more than 2.5 Km, it is necessary to select a transport unit having capacity more than 50 Tone. However, it 
is necessary to go for a financial analysis when there is a change to go for 50 Tone dumpers to 85 Tone 
dumpers. 

In the mines where large capacity dumpers are used, it is very much necessary that they be used fully to get 
the return or investment (ROI). In many cases where the fleet is very large the use of advanced computerized 
system like global positioning system (GPS) gives good result These are small units , fitted with dumper, can 
transmit the current position of the transport vehicle to a receiving unit at a control room and the real position 
of the dumper can be seen on the monitor. The Engineers sitting in a control room can interact with the 
operator and guide him to change his route in case of any stoppage of his loading unit thus facilitating to 
maximize the utilization of the dumper. Such high investment can only be possible if the productivity is 
increased suitably and the quantity of material handling is of high volume.  

2.2 Transport of waste from mine benches to dump yard. 
In many open cast mine the waste removal is one of the important operations because of its priority. 
Depending upon the quantity of waste mining dumps are to be located. Preferably the dumps are located in 
the non-mineralized zone. In view of this, the land has to be acquired and forest clearance is to be obtained if 
required before creating a dump. However, as the mine benches go down and the mine becomes deeper and 
deeper the waste dump location needs to be reviewed. The waste dumps are mainly divided in to two 
categories. 

(1) External dump 

(2) Internal dump. 

In case of external dump the dump yard is located outside the mine and this happens mostly in the initial 
period of the mine. As the mine benches get exhausted it is profitable to design an internal waste dump 
which can be similar to back filling the excavated area. In order to have such an opportunity it is necessary to 
make a complete long term plan of the development of the mine and the location of waste dumps can be 
planned at the early stage of the mine to facilitate economic haulage of the waste for different benches. 

2.3: Hauling of crushed ore from the mine to beneficiation plant. 
Because of the operating flexibility, relatively low capital cost, resale value and mobility from operation to 
operations the transport of ore and waste by dumpers have historically been the favored method. The 
technical developments such as diesel engines and electric wheel drives have also facilitated to select higher 
size equipment and today dumper of 172 Tone are used in Indian Coal Mines and large metal mines.  Abroad 
the trend has gone up to maximum of 350 Tone and seems to have set stabilized around 300 Te. This has 
improved efficiency and increased productivity. However a study shows that in transporting material by 
dumpers 60% of the fuel energy goes to moving the truck weight and only 40% to moving the payload 
(Murari 2003). In the present scenario of increased cost of diesel fuel a study of transporting material by 
conveyor shows that the energy used for moving a conveyor belt can be only 20% to move the weight of the 
belt and 80% to move the pay load. It means that the transporting of material through conveyor is energy 
effective and convenient for operation. Transport cost by dumpers has risen significantly with the increase of 
diesel prices. Therefore alternative-operating methods to reduce the haulage cost are to shorten the dumper 
haul distance by bringing the dump point in to the mine. This concept has given way to develop in-pit 
mobile/stationary crushers and conveying the ore and waste out of the mine. The parameters which need to 
be analyzed before embarking upon such an option in an open pit are discussed below. 

i) The depth of the mine 
ii) The cost of the haulage by dumpers 
iii) The type of material 
iv) The lay out of the mine 
v) The quantum of excavation. 
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The in-pit crusher locations are generally selected with the primary intentions in mines to shorten the 
dumpers haul profile. Detailed calculations for optional central locations for the crusher to minimize haul 
distance can help however the mine layout will also provide an idea to decide the location of the in-pit 
crusher. The location should be selected in such a way that it should be away from active mining area for a 
long period without causing extra excavation additional to the normal excavation plan. This will help in 
cutting down the over all transport cost because the cost per ton of material conveyed particularly in a long 
up-hill climb is cheaper. The short distance hauling by dumpers also help in reducing the fleet size and thus 
the capital investment and maintenance cost of such a fleet is reduced. 

Design parameters, which are advantage in case of in-pit crushing 

i) The conveyors provided automatic instantaneous start up and continuous operation. They are very 
reliable and 90-95% of availability can be achieved. 

ii) The manpower requirement is very less compared to that for dumper fleet for the same volume of 
work. 

iii) Lower operating cost. 

Considering the total life cycle cost the higher operating cost of dumper haulage system offsets the initial 
cost advantage. The longer the life of the project, the more economical is the conveyor system, especially in 
deep pits that rapidly increase in depth. Considering the necessity of procuring more number of dumpers to 
accommodate increasingly difficult haulage we have the life span of conveyors relatively higher than that of 
off-highway dumpers. Data gathered from several large mines where in-pit crushing and conveying systems 
have been installed indicate lower operating maintenance and over all unit costs compared to the costs of 
conventional truck haulage. Productivity is increased with reduced dumper fleet requirement and short lead. 
As pits deepens and the haul road length increases in-pit crushing and conveying system becomes even more 
economical with large volume of excavation where steep climbs are involved. In some places this system is 
also known as combined mining system. It is also seen that in-pit crushing and conveying is most suitable for 
deep open cast coal mines having depth from 90 to 150 Meters (M.Tech class notes). In India in coal sector 
the first unit was set up at the Padmpur Open Cast mine of Western Coalfield Limited. At piparwur Coal 
mine of Central Coalfield Limited the in-pit Crushing and conveying system have been adopted with 
Australian collaboration. At Ramagundam OC-II mine also the in-pit crushing unit is seen with German 
collaboration The benefit of this technology has been seen in the form of improvement in out put per man 
shift(OMS). In some Limestone mines in Rajasthan in pit crushing and conveying system is also established. 
However, the thumb rule of mining system is that if the quantity of ore to be excavated is more than 4 
MT/year it is economical to continue operating it by dumpers by suitably designing haul roads up to a depth 
of 200 M. If the volume of excavation increases more and more the depth up to which the dumper hauling is 
economical comes down to 150 M. However a belt conveyor operation is more economical than haulage by 
dumper only when the conveying distance exceeds one Kilometer.  

3 Transport of Material out side the mine  
Once the ore excavated is crushed it needs to be transported to beneficiation plant. In many of installations 
the beneficiation plant is situated at a long distance and in general the material is transported by conveyors. 
However the most suitable type of conveyor is to be selected after making a proper study on the subject. In 
conveyor where the ore has to be transported for a long distance two types of conveyor system has gained 
ground.  

3.1 Cable Belt Conveyor 
Cable Belt conveyors having single flight distances of 30 km with the ability of traversing steep inclines and 
declines are economic alternatives to dumpers. The ability of the cable Belt conveyor to handle the primary 
crushed material with a top less than 600 mm and to be operative with small horizontal and vertical road 
enables the quite transportation of ore in environmentally sensitive areas. This system does not have cross 
roll idlers and the belt is not the tension member. Rather the belt is driven by belt by the frictional force on 
the sides on the return belt. The cables are in turn supported by cable sheaves and driven by specially 
designed drives and take up system. The driving cables for the cable belt system generally range in diameter 
from 32 to 64 mm. Long radius horizontal curves can be accommodated with this system.  
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The design criteria which are required to be considered are: 

i) Required capacity out put of the belt. 

ii) Size of the drive. In some cases drives up to 7450 KW has been in use for 3000 
Tone to 4500 Tone/hour. 

iii) The travel distance. 

iv) The level difference (down/up) 

v) The speed of the belt. 

One such installation out side India handles 720 T/hour of Iron Ore is raised about 740 m over a distance of 
4.5 Km It uses a drive of 2600 KW. In India at NALCO Cable Belt conveyor is in use to transfer crushed 
bauxite to alumina plant located at 14.6 Km distance over rushed terrain having a fall of 336.5 M. The 
system is  

designed to transport bauxite at 900 Tone/hour at a belt speed of 2.35 m/sec and will carry 1800T/hour in 
doubling the speed. This is one of the longest cable belt conveyors in Asia.  

3.2 Tubular Conveyor 
In case of long travel and uneven topography the use of tubular conveyor can be considered. It is basically a 
single flat belt which is changed in to tube shape with help of idlers over the length of conveyors. 

The design criteria to be considered are: 

i) It can be used as combination of an inclined and curved belt without tracking problem. 

ii) It is also eco-friendly as the material is enclosed inside the conveyor. 

In India at L&T at Tadpatri Cement plant in A.P such a conveyor is now operating. 

3.3 High Angle Conveyor 
High Angle conveyor (HAC) are proven versatile system for elevating or conveying material centrinceouly 
at steep angles up to 90o . Different mechanisms like (1) Sand witch belt principle (2) Conveyor provided 
with cleats (3) Herring bone conveyor. The radiance lifting of the load, the force of friction of the load on the 
belt ie. F should be greater than the force of gravity ie. G and the inertia of the load during start up of the 
conveyor should satisfy the following equation(SME Handbook) 

 F = μP ≥(G+mj)k  

Where µ is the co-efficient of friction of the load on the belt. P is the pressure force on the load, m is the 
mass of the load j is the acceleration of the belt at start up. k is the safety margin. The above design criteria 
are to be considered during selection of a high angle conveyor system. 

4 Research and Development 
Recently a fourth dimension is explored to transport material in open cast mine. This is the effort to develop 
a conveying system to handle ROM without crushing. In this way it eliminates crushers and trucks. 
Developments of conveying system to handle + 500 mm size material are under going research in different 
developed countries. The only difficulty that is faced during moving large size material is the collision 
impact between the rock on the moving belt and fixed idlers. At present different conveyor system are on 
trial to avoid this problem and make this more efficient. 
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5 Life cycle cost analysis  
The selection of any type of transport system in the open cast mine depends upon its total life cycle cost. 
Unless we conduct a complete study of all the costs involved during its total useful life of the system is not 
proper to decide installation of a system. In case of transport by dumpers the capital investment comes in 
stages and the operating cost is high because of increasing in fuel price and requirement of skilled 
manpower. However, in case of transport of ore by conveyor the operation cost is low but the capital cost is 
very high and the land, which is required for installing the conveyor system out of the mine, is to be 
acquired. That is another additional cost, which is to be considered while calculating the total cost of each 
system. However, in today’s environment the conveyor system is becoming increasingly popular, cost 
effective and eco-friendly as compared to transport by dumpers. 

6 Conclusion: 
In todays competitive and dynamic market scenario any capital investment needs engineering as well as 
financial analysis to establish a profitable proposition. Transport of material in open cast mines is essential 
and continuous research is on going to make it more productive and economical through innovative ideas. 
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Abstract 
Ramp haulage has in several mining projects proven to be an economical alternative to traditional skip 
hoisting or conveyor transport of ore and waist rock from underground mines. It has proven to be especially 
advantageous in situations where the ore body is not yet fully explored as the size of investment is relatively 
low which in turn reduces the financial risk. 

Alternative haulage methods are compared and examples from the 1350m deep gold mine, Stawell Gold in 
Victoria will be presented. Stawell Gold has used ramp haulage from the start of its underground operation 
early1980. 

Productivity, costs and capacity results in tonne km per hour from truck haulage from the technology level of 
the1980s through to today will be presented and analysed. An impressive development has been achieved 
thanks to a close cooperation between suppliers and the Stawell Gold mine management.  

New discoveries at even greater depth will continue to challenge both Stawell Gold and the suppliers. 

1 Introduction 
After many years at the forefront of development and implementation of deep ramp haulage systems, Stawell 
Gold Mine is a bellwether for this type of operation. From Kiruna trucks, through underground road trains, to 
the latest Atlas Copco Minetruck MT6020, Stawell managements have never been afraid to experiment at the 
cutting edge of high speed underground haulage. As a result, the mine is now in one of the most dynamic 
phases in its history. It has the technology. It has the production efficiency. Now all it needs are the reserves, 
and these will be found at greater depths than any ramp mine has ever ventured. Stawell will need all of its 
accumulated experience to exploit them! 

 

Figure 1 Minetruck MT6020 at Stawell Gold Mine 
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2 Efficient trucking 
In the mid-1970s, 400 m deep was considered the practical and economical limit for truck haulage to surface 
in underground metalliferous mines. Within 20 years this had increased to 600 m, and nowadays to over 
1,000 m, due to improvements in truck design and decline development, and funded by better metal prices. 
This trend towards trucking from increasingly deeper production areas has been most prevalent in short life 
mines, where the reserves may not justify the capital expenditure on shaft infrastructure. Also, rapid 
fluctuations in metal prices have required rapid response from mine operators, and it is easier and faster to 
extend a ramp than to install or deepen a hoisting shaft. 

However, trucking may be less capital intensive, but it is certainly more revenue intensive, and miners, as 
always, have an eye on the impact of costs on the bottom line. Efficient trucks are an integral part of efficient 
mining, and the cost of running them is a major factor in profitability. 

2.1 Stawell Gold Mine 
Stawell Gold Mine, located about 250 km west of Melbourne, Australia and owned by Canadian miner 
Northgate, has not had the mine resource or mine reserve to support the capital investment required for 
installation of shaft hoisting systems. Generally operating with just two years proven reserves, extension of 
mine life over the past decade has been through improved gold price and focused effort by both employees 
and service providers to drive daily operating costs down through adoption and implementation of leading 
technologies, best mining practice and relatively low capital investment. 

Stawell produces gold bearing ore from underground workings at a mining depth of 1,270 m. The present 
mine operating plan is for these workings to extend to 1,400 m in depth on two gold bearing systems, the 
GG3 Ore Body and the GG5 Ore Body. Exploration programmes on the fringes of known geological systems 
are being undertaken to determine the economic viability of continuing mining below presently planned 
levels. Development programmes are achieving approximately 6 km of advance per annum using Atlas 
Copco Boomer M2D drill rigs. This facilitates production of 720,000 t of ore for 107,000 oz of gold using 
Atlas Copco Simba M6C production drill rigs and Minetruck MT6020 and Minetruck MT5010.  

           

Figure 2 Production haulage from 1 300 m depth to surface, Stawell Gold Mine 

2.2 Underground road trains 
Truck performance is based on payload and average speed expressed as tonnes x kilometres/engine hour, or t 
km/h. A road train with a powered trailer presents the means of achieving 300 t km/h up a 1:9 gradient, and 
the possibility of 100 t loads within a restricted drift profile. 

Trials of underground road trains were undertaken in 2001/2002 at six Australian mines using four units 
manufactured by Powertrans in Brisbane and operated by Gulf Transport on a $/t km basis. It was found that 
road trains had a lower capital cost which, in this case, was borne by the contractor, and also had a lower 
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total cost for trucking. Less drivers were required, together with lower maintenance costs and cheaper, more 
available spares. 

2.2.1 Underground road trains at Stawell Gold Mine 

So why did the idea of underground road trains not take root at Stawell? Principally, the answer lies in their 
inflexibility. They are good for a direct haul from point to point, but are difficult to manoeuvre in the 
underground environment. Reversing is difficult, so provision for turning has to be mined at each loading 
point, involving more time and investment in what is commonly a fast response situation. 

However, the real improvement has been the rapid advance in purpose-built trucks which now offer 
equivalent t km/h performance together with total flexibility of operation. 

Nowhere is this more evident than at Stawell Gold Mines, one of the companies that trialled 55 t road trains 
on its 5.5 m x 5.5 m decline at 1:8 in 2002. Over the last three years Stawell has operated a fleet of four 50 t 
Atlas Copco Minetruck MT5010 haulers so successfully that it is now investing in the latest Minetruck 
MT6020, a 60 t unit developed in part using the mine’s experience in long, deep hauls. 

Stawell Gold Mine favoured the more traditional style mine haul truck because the plunge of the ore body, 
and the consequent low tonnes per vertical metre, required more manoeuvrability and flexibility than the 
road train could offer. The capital infrastructure requirement for loops and loading chutes was prohibitive, as 
multiple installations would be required for normal mining activity at Stawell.    

2.3 Ramp haulage 
Types of trucks used at Stawell over the years reflect the mine emphasis on continual improvement. 

Stawell first started with a fleet of Kiruna 501, 2-wheel drive trucks that operated to a depth of 500 m. These 
were 50 t capacity trucks, but speed and traction issues led to their replacement. Toro 50D trucks were then 
introduced to maintain a constant haulage capacity from increasing depth down to 800 m. Speed and distance 
eventually led to the replacement of these trucks. The trial of the Gulf Transport road train showed promise, 
with capability to haul large loads at speed, but numerous factors led to the decision to discontinue the trial. 
Initial mine design, truck cycle times with interaction of other trucking fleet, size of broken rock, robustness 
of vehicle for underground operations, ramp maintenance and vehicle maintenance were some of the 
influencing factors leading to the Stawell decision. The 55 t CAT AD55 was introduced to replace the Toro 
50D to improve trucking capacity, with a faster cycle time and better overall availability with newer 
technology. However, problems were experienced with engine capacity and electrics on this model. 

                                  

Figure 3 Mine truck evolution at Stawell Gold Mine 

The introduction of the Atlas Copco Minetruck MT5010 trucks coincided with exploration of new resources 
at even greater depths. The improved cycle times from these trucks were particularly welcome, with good t 
km/h shown early. Component failures with these machines reduced reliability for a time, but implemented 
product improvements brought them back to an acceptable level. 
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Soon afterwards, it became obvious that a larger mine truck would be needed for Stawell to continue to 
greater depths. The calculated requirement was for a 60 t truck to haul at speeds of over 11 km/h on a 1:8 
gradient. This led to the development of the Atlas Copco Minetruck MT6020, which was trialled at Stawell 
Gold Mine. 

After teething, the Minetruck MT6020 truck has shown a 30% productivity gain over the standard Minetruck 
MT5010 which gives Stawell Gold Mines the ability to continue forward. 
 

                                    

Figure 4 Minetruck MT5010 at Stawell Gold Mine 

2.4 Benefits of integration  
Fosterville and Stawell Gold Mines have recently been acquired by Canadian miner Northgate. In the 12 
months prior, both Stawell and Fosterville operations were managed under Perseverance Corporation Ltd, 
with both mines operating as single entities prior to that. 

The integration of the two mines provides opportunities for both parties, forming a 200,000 oz/year producer 
with the capacity to attract resources to service dynamic exploration activity. Stawell Gold Mine is presently 
reinvigorating exploration activity as deep mine production is proving viable under the present conditions of 
improved operating costs and higher gold prices. Time is of the essence, as the present mine reserve is 
approximately 2.5 years, but confidence in finding new reserves is high.  

Fosterville has recently announced intent to proceed with owner operator mining as opposed to previously 
contracted mining conditions, and Stawell will use its experience to assist.  

Stawell Gold Mine has enjoyed a healthy relationship with Atlas Copco where anything from daily drill 
services through to research and development of mine haul trucks has been worked on in a diligent and 
friendly business manner. Stawell Gold Mine appreciates this service support and acknowledges the positive 
contribution by Atlas Copco to viable deep mine gold production. 

Acknowledgements 
The authors Troy Cole and Grant Wells of Stawell Gold Mine acknowledge the assistance of Northgate, 
Powertrans and Gulf Transport management in the production of this paper and are grateful to Northgate for 
permission to publish. 

References 
P Carrick, K Guilfoyle and A Robertson, (2002) “Road Trains Underground – The Alternative Trucking System. 

Proceedings of Underground Operators”. Conference, Townsville, Queensland July 2002. 
Stawell management, (2007) “High Speed Haulage at Stawell”. Loading and Haulage in Underground Mines, First 

Edition 2007 published by Atlas Copco Rock Drills AB, Örebro, Sweden. 



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Simulation of truck haulage queue system at an open pit mine using 
SIMIAN  

D. Saiang  Luleå University of Technology, Sweden 

 

Abstract 
Simulation methods can be used in a variety of queuing situations: boats waiting for an unloading or loading 
quay, banking tellers, supermarket tills, logs passing through a sawmill, passengers arriving at an 
international airport and so forth. In mining operations it can be used for example, to simulate flow of ore 
through a processing plant or the flow of haul trucks in an open pit. The purpose could be for ore blending, 
equipment optimisation and production target realization. This paper presents the simulation of a truck 
haulage queue system at a large open pit mine using SIMIAN simulation language. The statistical data used 
in the model are derived from real time data obtained from a large open pit mine in Papua New Guinea. This 
mine is also used as a case for the models developed herein. The movement of trucks through the open pit is 
simulated using the configuration prevalent during the time of data collection. 

1 Introduction 
Simulation methods can be used in a variety of queuing situations: boats waiting for an unloading or loading 
quay, banking tellers, supermarket tills, logs passing through a sawmill, passengers arriving at an 
international airport and so forth (Phythian & Saiang, 1996). In mining operations it can be used to simulate 
flow of ore through a processing plant or for flow of haul trucks in the pit. The purpose could be for ore 
blending or equipment optimisation. The advantage of this software engineering technique is that, plans can 
be made and tried out before resources are committed and optimum solution can be achieved in the planning 
stage. For a system already in existence, it enables the user to observe its behaviour over time and evaluate 
various operating conditions. 

Mining systems are very dynamic and often require frequent improvement and upgrade, in keeping with 
safety and economic conditions of the mine. Mining systems are also becoming more and more highly 
procedure driven, in order to keep up with production targets. Typically, mining systems exhibit a stochastic 
character of events during an operation cycle. This makes stochastic models more appropriate to simulate 
mining systems compared to deterministic models. The deterministic model is mostly applicable for non-
existing system, where no real time data is available. A truck-shovel load-haul system in an existing mine is 
a classical example of a mining system where the events are discrete and can be easily simulated using the 
stochastic or Monte-Carlo simulation method.  

Stochastic simulation of a mining system was first reported in 1961 by Rist (1961). Since then the mining 
industry has advanced the new software engineering technique to simulate various mining systems (e.g. 
Sturgul & Smith, 1993; Huang & Kumar,1992; Sturgul & Harrison, 1987). Borkovic (1984) applied the 
technique to simulate the truck-conveyor haulage system of Bougainville copper mine at an extensive scale. 
Apart from simulating existing systems, mines can also be designed from the very beginning using 
simulation methods. Such was the case for the Lihir Gold Mine in Papua New Guinea (see Jacobsen & 
Sturgul, 1995) where optimum match of trucks, shovels and barges were determined early in the design 
stage. Sturgul & Li (1997) presented a condensed summary of the state-of-art and new developments in 
simulation technology, including new simulation packages, which are used in the mineral industry.  

As mines strive to be efficient the formation of queues must be minimized as much as possible. Queues by 
haulage trucks are a common occurrence at the loading face, dumping sites and single traffic ramps. The 
behaviour of these queues depends on three principle factors; (i) the inter-arrival times of the trucks, (ii) the 
service times of the facilities and (iii) the queuing discipline, either First-In-First-Out (FIFO) or Last-In-
First-Out (LIFO). The third factor also includes situations where the trucks had to compete for a single traffic 
ramp. In most cases the loaded trucks are given the priority. Hence, simulation methods are the most ideal 
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tools to study the behaviour of a truck-haulage queue system. Decisions can than be made whether the queue 
system can be improved, by adjustments to certain elements of the haulage system, or not.  

This paper presents the simulation of a truck haulage queue system at a large open pit mine using SIMIAN 
simulation language. The statistical data used in the model are derived from real time data obtained from a 
large open pit mine in Papua New Guinea. This mine is used a case example for the simulation of the queue 
system. The movement of trucks through the open pit is simulated using the configuration prevalent during 
the time of data collection.  

2 Case History 

2.1 Description of the case history 
The mine used in the simulation example in this paper is a large open pit mine in Papua New Guinea. At the 
time of truck-cycle time survey the mine was producing on average 80,000 tonnes of copper-gold ore and 
100,000 tonnes of waste rock per day. The total material tonnage handled per year easily exceeded 65 
millions tonnes. At present though, the annual production is between 80 and 100 million tonnes. The mine 
operates 24 hours a day, 365 days a year. 

The mine is located in one of the most rugged regions of the country with unfriendly weather conditions. As 
such safety is considered equally important to production targets. Mine planning, which includes equipment 
allocation therefore revolves around two principle factors; safety and production. Production target must be 
achieved as safely as possible. To achieve this goal the mine utilizes some of the state-of-art mine planning 
tools, which are further enhanced by systematic operation procedures, such as the mine’s so called “Hot Seat 
Procedure”. The most significant influence from the safety point of view is the scheduling of equipment to 
handle waste and ore during day and night shifts, as will be seen later.  

The layout of the mine with the important facilities is shown in Figure 1. The pit is approximately 2.6 km 
wide in a straight in line from northern to the southern dump. The maximum distances from the central pit to 
either the two waste-dumps or the two primary crushers seldom exceed 1.5 km. 

In-pit 
crusher 

Stationary 
crusher 

Southern dump 

N
orthern dum

p 

Mining area 

 

Figure 1 Layout of the case mine and the important facilities for the truck cycle simulation. The 
longest horizontal distance, which is from the Northern Dump to the Southern Dump, 
is approximately 2.6 km. 
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3.2 Description of the important facilities and equipment 

3.2.1 Crushers 

The ore is disposed at two primary crushers, a stationary unit and a mobile unit. Both crushers operate at a 
feed rate of 4000 to 7000 tonnes per hour. This high feed rate enables two 170-tonne trucks to dump ore 
simultaneously.  

3.2.2 Waste-dumps 

The mine uses two large hillside dumps, also called failing dumps as they designed to fail continuously. Both 
are more than 200 m high. For safety reasons the dumps are continuously supervised whenever they are in 
use. At the dump platform there are usually two spots where the trucks can dump. This allows for bulldozing 
of the waste over the berm, since trucks are not allowed to dip directly over the dump slope. 

3.2.2 Mining equipment 

At the time of the truck-cycle time survey the mine operated a fleet of 12 CAT789 170-tonne trucks, 8 
CAT785 150-tonne trucks and 3 CAT777 100-tonne trucks. Soon after the survey the fleet was upgraded, all 
the CAT785s were retired and replaced by 10 new CAT789C 190-tonne trucks, to cope with the increase in 
production.  

The loading equipment (again at the time of survey) comprised two Marion 204M superfront 27-m3 rope 
shovels, 2 CAT992C 12-m3 front-end loaders and 2 Hitachi X1800 10-m3 hydraulic excavators. The 
hydraulic excavators were mainly used in the mining of skarn or secondary ore, which is the blending ore. 
The two Marion shovels have recently been retired and replaced by 4 O&K RH200 28-m3 hydraulic shovels. 

3.3 Material handling 
On average the total material tonnage handled per day, at the time of truck-cycle survey, was 180,000 tonnes, 
of which 80,000 tonnes was ore and 100,000 tonnes was waste. Of the 80,000 tonnes ore, 80% is primary ore 
(porphyry) and 20% is high grade secondary ore (skarn). The delivery of the secondary or skarn ore is 
strictly controlled by the DISPATCH to achieve a consistent blending of the two ore types.  

For safety reasons equipment are scheduled to handle large quantities of waste during the dayshift (usually 
up to 70% of the daily total) and less during the nightshift. In retrospect large amount of ore (usually 60 to 
70%) is handled during the nightshift and less during dayshift. Table 1 shows a typical production schedule 
at the mine during each shift.  

Since the mine operates two primary crushers and two waste-dumps, trucks are assigned to whichever 
crusher or waste-dump is the closest. Hence, the maximum travel distance seldom exceed 1.5 km.  

Table 1 Typical production schedule for dayshift and nightshift  

Production (tonnes) 
Material type 

Dayshift Nightshift Daily total 
Waste rock 70,000 30,000 100,000 
Porphyry or primary ore 19,200 44,800 64,000 
Skarn or secondary ore 4,800 11,200 16,000 
Overall total 94,000 86,000 180,000 

3.4 Truck-cycle time survey 
Lapin (1993) carried out a truck-cycle time study over a period of three weeks at the mine. He began his 
monitoring at the start of the shift at locations near the shovel/loader, the in-pit crusher and waste-dumps and 
continued throughout the whole shift on different days. He recorded a total of 263 events. The statistical 
results of his survey showed the truck inter-arrival times to be normally distributed, except for the skarn ore 
trucks which were uniformly distributed due to their strict control. The normal distribution of the truck inter-
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arrival was not surprising, since the mine’s operations were highly procedure driven. The loading time, 
which included spotting time or truck manoeuvring time, followed a normal distribution pattern. The service 
times of the shovels and loaders were also normally distributed. Unloading at the dumps and the crushers 
followed a uniform distribution. This was expected because of specific controls at the two sites. Tables 2 and 
3 show the truck inter-arrival times (in seconds) and the probability distribution types.  

Table 2 Truck inter-arrival times and probability distribution type (from Lapin, 1993) 

 Dayshift Nightshift 
Waste trucks N (100,60)† N (180,30) 
Porphyry-ore trucks N (320,60) N (180,30) 
Skarn-ore trucks U (1200,1800)ψ U (600,900) 
† N (100,60) represents normal distribution with mean 100 seconds and standard deviation 60 seconds.  
ψ U (300,120) represents uniform distribution on an interval of 1200 seconds to 1800 seconds. 

Table 3 Facility service times and probability distribution type (from Lapin 1993) 

Facility Service times and distributions 
Power shovel  N (150,30) 
Front-end loader N (260,80) 
Two front-end loaders operating in tandem N (130,40) 
Hydraulic excavator N (320,100) 
Crusher U (90,150) 
Waste-dump U (90,180) 

4 Simulation method 

4.1 Simulation language 
The SIMIAN simulation language was used in the simulations. SIMIAN is an object oriented discrete system 
simulation language, similar to for example, GPSS and SLAM. The interactions routines in SIMIAN are 
called blocks, and a model is built through a collection of interconnected objects, which are visualized by 
means of a block diagram (or queue diagram in the case of queue systems). SIMIAN uses special purpose 
languages that make it convenient to construct even large discrete systems with only a few lines of codes.  

For a queue system SIMIAN treats objects either as transactions or facilities. Transactions are objects that 
flow through the system and the facilities are objects that provide service to the transactions. In the haulage 
queue system modelled in this paper the trucks are the transactions and the shovels/loaders, crushers and 
waste-dumps are the facilities. Facilities must be further defined either as grouped or indexed. A grouped 
facility is a set of facilities whereby transactions form a single queue and wait until a facility becomes 
available. An indexed facility is a set of facility whereby transactions chose to form a queue. An example of 
an indexed facility is the supermarket till, where the customer choses which queue to join. A mine haulage 
system certainly comes under the former (i.e. grouped facility), given the nature and characteristics of 
mining operations. As in the case of the models in this paper the waste-dump and the crusher are grouped 
facilities, since trucks form a single queue and wait until one of the dumping spots is made available.  

The event probability distributions are most important constituents in the SIMIAN simulation model. The 
inter-arrival times of the haul trucks and service times of the shovel/loader, waste-dump and crusher are all 
assigned distribution labels. The distribution types and event times are further defined in the code. The 
Monte-Carlo sampling technique is used to simulate the probability of each event in the queue system.  
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4.2 The truck-haulage queue system 

4.2.1 Queue simulation assumptions 

Only the in-pit crusher was assumed in the simulation. In the case of the waste-dumps only one was utilized. 
All trucks (22 of them) were assumed to have the same capacity. At any one shift 20 of them must be in use, 
while 2 if not in use, were considered as gone for scheduled maintenance. 

4.2.2 Queue diagrams 

Figures 2 and 3 show the standard queue diagrams for dayshift and the nightshift, respectively, which 
conform to the equipment scheduling described earlier. Since about 70% of waste is needed to be handled 
during dayshift, mining of the waste occurs at two locations (see Figure 2). One location is usually served by 
a Marion rope shovel and the other by two front-end loaders operating in tandem. During the nightshift only 
the Marion shovel is utilized due to less waste mining, while the front-end loaders are relocated to assist in 
ore mining (see Figure 3).  

Ore is usually mined from two locations (primary ore and secondary ore) during the dayshift (see Figure 2). 
The primary ore is usually served by one of the Marion rope shovels and secondary ore is usually served by 
one of the hydraulic excavators. During the nightshift, the primary ore is mined from two locations, so as to 
increase ore production (see Figure 3).  

A typical percentage of trucks dispatched to each mining locations are shown on the queue diagrams. 
Usually the rope shovels receive one or two trucks more than to the front-end loaders, mainly due to the 
handling capacity. This represents 60% to the shovel and 40% to the front-end loaders. 

In the diagram the waste-dump has two spots for dumping waste during the dayshift. Before entry the trucks 
form short a queue until the dump supervisor signals which dump spot a truck should seize. This is a normal 
procedure for safety reasons and for bulldozing. During the nightshift only one spot is utilized, since less 
waste is handled. 

At the primary crusher (i.e. mobile unit) two trucks can dump simultaneously side by side. Here the trucks 
seize whichever spot becomes available. There is no supervision; however the trucks dump ore at a specific 
rate, so as not chock the crusher.  

 

Figure 2 Dayshift queue diagram 
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Figure 3 Nightshift queue diagram 

4.2.3 Queue simulation models 

Based on the queue diagrams presented above two standard models were established, one for the dayshift 
and the other for the nightshift. Each model required only a few lines of codes. A SIMIAN model for the 
dayshift can be found in Appendix A.  

Two additional models were developed to asses the capacity of the load-haul system with the present day 
production rate, which averages 220,000 tonnes per day. The inter-arrival times of the trucks were calculated 
to conform to the new production rate. Rest of the statistical data and the queuing systems remained 
unaltered.  

4.3 Cycling procedure 
In SIMIAN the models can be cycled either as time-based or transactions-based. A time-based cycle is 
appropriate for stochastic models, which are usually the case for existing systems, while transaction-based 
cycle is appropriate for deterministic models, which often deals with non-existing systems. The transaction-
based cycle is also appropriate if the simulation is to be production target oriented 

In this study both methods were used. The time-based cycle was used to observe the systems performance 
prevalent at the time of the truck-cycle time survey. The transaction-based cycle was used to observe 
whether the equipment will be able to cope with the increase in production or not. 

There are two phases in simulating a queue; the transient state and steady state. To allow the cycle to reach a 
steady state, the models were cycled (time-based) for one hour. Then the model statistics were reset to zero, 
and cycling continued with either the specified time period or the required number of transactions.   

5 Results 

5.1 Standard models 

5.1.1 Dayshift 

The results from simulating a 12-hour dayshift, corresponding to the queue system in Figure 2, are presented 
in Table 4. The crusher and waste-dump are grouped facilities, hence are bracketed, with number of 
individual facilities in the bracket. Table 5 shows the tonnages handled during the 12-hour cycle. The total 
waste tonnage handled is 71% and ore tonnage is 30% of the total daily production. The shift production 
only exceeds the target production by less than 1%, which is not unusual. 

The maximum percentage utilisation of the facilities is 71%, experienced by the two front-end loaders. 
Nevertheless, the system is considered efficient if an equipment or facility is utilized 60 to 80% of the time, 
considering the discrete characteristics of the activities and operator physiology. The average waiting time 
and queue length are consistent with what is usually observed at the mine. 
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Table 4 Results for total of 574 transactions during a 12-hour dayshift 

Facilities Loaders 
1&2  

Shovel 
1 

Excavator 
1 

Shovel 
2 

Crusher 
(2) 

W/Dump 
(2) 

Transaction number 227 191 27 132 158 416 
Utilization 71% 67% 14% 45% 22% 66% 

Average Queue Length 1.24 1.27 0.15 0.46 0.45 1.39 
Maximum Queue Length 5 6 1 2 2 4 

Average Waiting Time (sec.) 96.21 129.14 0.00 0.15 0.00 6.53 
Standard Deviation Waiting Time (sec.) 110.07 162.40 0.00 1.73 0.00 15.79 

Max. Waiting Time (sec.) 439 678 0 20 0 90 
Average Loading Time (sec.) 131.97 149.26 227.56 146.33 119.78 133.56 

Standard Deviation Loading Time (sec.) 38.79 27.26 81.38 28.33 18.44 24.63 
Maximum Loading Time (sec.) 243 249 375 212 149 180 

Table 5 Total tonnage produced during the 12-hour day shift with 574 transactions made 

Material Tonnage 
Waste rock 71,060 

Porphyry or primary ore 19,800 
Skarn or secondary ore 4,050 
Simulated total tonnage  94,910 

Target shift tonnage 94,000 

5.1.2 Nightshift  

The results from simulating a 12-hour nightshift, corresponding to the queue system in Figure 3, are 
presented in Table 6. Table 7 shows the tonnages handled during the 12-hour cycle. The total waste tonnage 
handled is 31% and ore tonnage is 73% of the total daily production. The shift production exceeds the target 
production by 4%. In fact, this is often the case at the mine, where particularly ore production usually 
exceeds the target value.  

Table 6 Results for total of 550 transactions during a 12-hour nightshift 

Facilities Shovel 
1 

Excavator 
1 

Loader 
1 

Shovel 
2 

Crusher 
(2) 

W/Dump 
(2) 

Transaction number 208 68 91 184 208 342 
Utilization 75% 42% 56% 66% 74% 49% 

Average Queue Length 0.79 0.43 0.77 0.76 0.77 1.01 
Maximum Queue Length 2 1 4 2 2 4 

Average Waiting Time (sec.) 8.21 0.00 89.31 21.45 5.64 2.99 
Standard Deviation Waiting Time (sec.) 19.67 0.00 130.32 36.46 15.54 11.43 

Max. Waiting Time (sec.) 103 0 514 154 99 96 
Average Loading Time (sec.) 149.51 261.13 259.69 149.53 147.96 119.38 

Standard Deviation Loading Time (sec.) 29.69 64.40 70.49 28.38 16.69 18.49 
Maximum Loading Time (sec.) 249 397 401 213 180 150 
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Table 7 Total tonnage produced during the 12-hour night shift with 550 transactions made 

Material Tonnage 
Waste rock 31,200 

Porphyry or primary ore 46,750 
Skarn or secondary ore 11,560 
Simulated total tonnage  89,510 

Target shift tonnage 86,000 

5.2 Model for increased production 
At present the case mine has increased its production, which averages 220,000 tonnes per day (140,000 
tonnes waste and 80,000 tonnes ore). The following subsections are the results from running the models for 
the dayshift and nightshift with this increased production. The primary objective is to observe if the existing 
system will be able to cope with the increased production or not. 

5.2.1 Dayshift  

The results from simulating a 12-hour dayshift are shown in Table 8. Table 9 shows the tonnages handled 
during the 12-hour cycle. The total waste tonnage handled is 69% and ore tonnage is 29% of the total daily 
production. The shift production fell short of the target production by about 2%. This is obvious from the 
fact that Loaders 1&2 and Shovel 1 are over utilized. The average queue length is long, which implies that 
some of the trucks are in the queue by the time the shift ends. The congestion at the waste-dump is not an 
issue, since trucks can be easily diverted to the second waste-dump. 

Table 8 Results for total of 705 transactions during a 12-hour dayshift 

Facilities Loaders 
1&2  

Shovel 
1 

Excava
tor 1 

Shovel 
2 

Crusher 
(2) 

W/Dump 
(2) 

Transaction number 293 275 24 113 158 563 
Utilization 93% 99% 13% 40% 22% 91% 

Average Queue Length 4.61 18.19 0.14 0.40 0.45 2.46 
Maximum Queue Length 13 27 1 1 2 6 

Average Waiting Time (sec.) 505.50 2463.37 0.00 0.00 0.00 45.56 
Standard Deviation Waiting Time (sec.) 394.30 829.22 0.00 0.00 0.00 52.32 

Max. Waiting Time (sec.) 1581 3790 0 0 0 291 
Average Loading Time (sec.) 131.45 149.76 227.56 147.74 119.78 134.30 

Standard Deviation Loading Time (sec.) 39.25 29.31 81.38 29.37 18.44 25.20 
Maximum Loading Time (sec.) 262 226 375 212 149 180 

Table 9 Total tonnage produced during the 12-hour day shift with 705 transactions made 

Material Tonnage 
Waste rock 96,730 

Porphyry ore 19,210 
Skarn ore 4,080 

Simulated total tonnage  120,020 
Target shift tonnage 122,000 
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5.2.2 Nightshift 

The results from simulating a 12-hour nightshift are shown in Table 10. Table 11 shows the tonnages 
handled during the 12-hour cycle. The total waste tonnage handled is 30% and ore tonnage is 66% of the 
total daily production. The shift production is only 400 tonnes more (i.e. roughly two extra truck loads). 
Shovel 1, which is responsible for waste production, is still over used. A front-end loader could have been 
assigned to assist the shovel, but this would mean comprising the safety procedures in place.  

Table 10 Results for total of 579 transactions during a 12-hour nightshift 

Facilities Shovel 
1 

Loader 
3 

Loader 
1 

Shovel 
2 

Crusher 
(2) 

W/Dump 
(2) 

Transaction number 249 65 73 192 329 249 
Utilization 93% 43% 47% 71% 49% 92% 

Average Queue Length 1.75 0.43 0.60 1.09 1.02 1.15 
Maximum Queue Length 4 1 3 4 4 3 

Average Waiting Time (sec.) 130.14 0.00 65.39 78.07 3.85 36.41 
Standard Deviation Waiting Time (sec.) 110.94 0.00 106.24 104.24 14.15 45.59 

Max. Waiting Time (sec.) 400 0 390 427 95 222 
Average Loading Time (sec.) 148.35 264.35 257.03 148.67 119.56 148.57 

Standard Deviation Loading Time (sec.) 29.15 69.87 74.08 28.46 18.50 16.56 
Maximum Loading Time (sec.) 249 419 426 249 150 180 

Table 11 Total tonnage produced during the 12-hour night shift with 579 transactions made 

Material Tonnage 
Waste rock 42,330 

Porphyry ore 45,050 
Skarn ore 11,050 

Simulated total tonnage  98,400 
Target shift tonnage 98,000 

6 Discussions 
The percentage utilisation of equipment and facilities prevalent during the time of truck-cycle time survey 
are within the desirable range generally accepted for efficient systems. In fact, percentage utilisation of 40 to 
80% is considered normal for a discrete load-haul system. This corresponds to between 1 and 2 trucks in a 
queue at a service facility, which is often the case for the mine simulated here.  

The utilisation of equipment when the production was increased from 180,000 tonnes per day to 220,000 
tonnes per day is over the acceptable range, particularly for the waste handling equipment. Furthermore 
production was underachieved and the equipment over utilized. Hence, it was not surprising the mine has 
upgraded all its equipment, including the replacement of the rope shovels with high capacity hydraulic 
shovels (see section 3.2.2).  
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7 Conclusion 
Simulation methods are ideal tools to simulate any queuing system. A truck-haulage system at a mine is no 
exception. Since a truck-haulage system at a mine occurs with a discrete set of events, a discrete system 
simulation language, such as SIMIAN is very efficient, in that each component of the haulage system can 
studied by asking ‘what if’ type of questions. Modification and implementation to the source codes are easy 
to perform because of the flexibility and the special form of languages in SIMIAN 

The results from the simulations carried out in this paper conform to the patterns of the operation and the 
production statistics prevalent at the time of truck-cycle time survey. However, when the production 
increased, the simulation results also showed the need to upgrade the equipment capacity, which was exactly 
what the case mine has done following the increase. 
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Appendix A: SIMIAN model for dayshift 
FACILITY Loaders1&2 Skarn:    SEIZE Excavator1 D5 = N(150,30) 
FACILITY Shovel1             HOLD (D6:6) D6 = N(260,80) 
FACILITY Shovel2             RELEASE Excavator1 D7 = N(150,30) 
FACILITY Excavator1           BRANCH crush 100 D8 = U(90,180) 
FACILITY Wastedump(2) GROUP Porphyry: SEIZE Shovel2 D9 = U(90,150) 
FACILITY Crusher(2) GROUP             HOLD (D7:7)  
GENERATE WasteTrucks (D1:1)             RELEASE Shovel2  
BRANCH Waste1 50 Waste2 100           BRANCH crush 100  
GENERATE SkanTrucks (D2:2) Dump:     SEIZE Wastedump  
BRANCH Skarn 100             HOLD (D8:8)  
GENERATE PorphyryTrucks (D3:3)             RELEASE Wastedump  
BRANCH Porphyry 100           BRANCH DESTROY 100  
Waste1: SEIZE Loaders1&2 Crush:    SEIZE Crusher  
         HOLD (D4:4)             HOLD (D9:9)  
         RELEASE Loaders1&2             RELEASE Crusher  
        BRANCH Dump 100           BRANCH DESTROY 100  
Waste2: SEIZE Shovel1 D1 = N(100,60)  
         HOLD (D5:5) D2 = U(1200,1800)  
         RELEASE Shovel1 D3 = N(320,60)  
        BRANCH Dump 100 D4 = N(130,40)  
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Abstract 
The mining operation cost analysis shows that in general the maintenance represents a significant 
proportion of the overall operating costs. Maintenance related costs account for approximately 30 to 50 
percent of direct mining costs. The industrial maintenance function is a part of the business activity of a 
company. Therefore, the improvement of maintenance follows the final goal of company that it is maximum 
profit. The maintenance cost comprises by itself the service, repair, spare parts, operational delay and 
administrative costs. Spare parts availability whenever needed is an important alternative which can 
enhance the mining production through improvement of machines availability to function. Machine 
reliability characteristics and operating environment based spare parts estimation is one of the pragmatic 
methods that improves the supportability and consequently can guarantee non-delay in spare parts logistics, 
which at the end cause the improvement in mining out put as well. 

1 Introduction 
Generally the downtime costs of mining equipment are high. Failures in the mining industry are expensive 
not only because of the high repair costs involved but primarily as a result of the cost of lost production. 
Kumar (1990), shows that the cost of maintenance in a highly mechanized mine can be 40-60% of total 
operating costs. 

Over the years many research workers have investigated ways and means of ensuring better equipment 
design and better maintenance procedures in the mining industry in an effort to reduce mining equipment 
downtime and enhance equipment availability and reliability. 

Conditions monitoring techniques and knowledge-based systems have been developed to monitor equipment 
health, diagnose faults and expose trouble spots in order to manage the systems. The application of these and 
related techniques has helped to keep the equipment availability high. 

The ability to improve mining production continually is desirable. In order to reach this desired goal, the 
reliability, availability, maintainability and supportability (RAMS) have recently become big issues to study 
and implement in the mining industry (Eti et al. 2007). 

Reliability is the probability of the equipment or process functioning without failure, when operated as 
prescribed for a given interval of time, under stated conditions (Kumar et al., 1992). High costs motivate 
seeking engineering solutions to reliability problems for reducing financial expenditures, enhancing 
reliability, satisfying customers with on-time deliveries through increased equipment availability, and by 
reducing costs and problems arising from products that fail easily (Barringer, 2000). Increased availability, 
decreased down-time, smaller maintenance costs and lower secondary-failure expenditures result in bigger 
profits. Therefore the availability of machines for continues production and avoiding production line 
stoppage in mining industry is essential. 

2  Machine Availability 
Key parameters describing reliability are mean time to failure (MTTF), mean time between failure (MTBF), 
mean life of components, failure rate and the maximum number of failures in a specific time-interval 
(Barringer and Weber, 1996). High reliability (i.e. corresponding to relatively few failures) and ease of 
maintainability of the system mean that it is effective. Availability is related to both frequency and duration 
of outages as follows: 



 

 618

λτ+
=

1
1A  (1) 

Where λ is the failure rate and τ is the restoration time or duration of outage. 

Thus, the availability goal can be converted into reliability, maintainability and supportability requirements 
in terms of acceptable failure rates and outage hours for each component as explicit design objectives. The 
application of RAMS principles usually requires that the system’s/component’s availability be defined in 
terms of MTBF or MTTR (mean time to repair). 

Availability gives an indication of the duration of up-time for the operation. Davidson (1998) pointed out 
three factors to achieve growing availability: increasing the time to failure; decreasing down-time due to 
repairs or scheduled maintenance; and accomplishing the above two in a cost-effective manner. As 
availability increases, the capability for production and making money increases because the equipment is in 
service for longer periods of time. Ireson (1996) defines three frequently-used terms: 

Inherent availability 

MTTRMTBF
MTBFAi +

=  (2) 

Achieved availability 

MAMTMTBF
MTBFAa +

=  (3) 

Operational availability 

MDTMTBF
MTBFAo +

=  (4) 

Where MAMT is mean active maintenance time (preventive and corrective maintenance) and MDT 
represents the mean down time. 

Maintainability is a consequence of design and installation expressed as the probability that an item will be 
retained in, or restored to a specified condition within a specified period of time. 

Maintainability deals with the duration of outages or how long it takes and how easy it is to achieve the 
maintenance actions and return the failed system into operation. 

Maintainability characteristics are usually determined by the equipment’s design, which dictate set 
maintenance procedures and determine the length of period normally required for repairs. The key figure-of-
merit for maintainability is the mean time to repair (MTTR) (Barringer and Weber, 1996), and it indicates 
the ease with which hardware or software can be restored to a functioning state. In reality, it is the total 
down-time for maintenance, which should be considered that including all the time required for diagnosis, 
trouble-shooting, dismantling, removal/replacement, active repair time, verification testing that the repair is 
adequate, logistic-movement delays and administrative tardiness.  

Three main parameters concerned with down-time (Barringer and Weber, 1996) are: active repair time 
(which is a function of the equipment’s design, as well as the training, and skill of the maintenance 
personnel); logistic time (i.e. time lost as a result of supplying the replacement parts from elsewhere); and 
administrative time (a function of the operational structure of the organization). 

High availability (i.e. long duration of uptime), high reliability (i.e. few failures occurring) and excellent 
maintainability (i.e. predictable and short maintenance periods) are characteristics of effective systems if 
capability is also maintained at a high level. As it is obvious the product support as an important factor plays 
a significant role in system availability in the form of decreasing of machine down time (MDT).  
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3  Product support 
Usually, due to technological, economical, and environmental constraints in the design phase, 
machines/systems are often unable to fulfill customers’ needs completely in terms of system availability and 
performance during their entire life cycle. This is often due to poorly designed technical characteristics of the 
system and a poor product support strategy (in the case of new product). Then to compensate for this 
shortcoming for existing products, the need for support is becoming important to enhance system efficiency 
and prevent unplanned stoppages (Figure 1). 

 

Figure 1 Typical reason for unplanned stoppage creation 

However, industrial systems need support throughout their lifetimes. The dimensioning of product support 
(spare parts and a service delivery system/strategy) will be greatly influenced by the product design 
characteristics. The relationship between the application type (the type of use and application environment), 
the product design and the product support is illustrated in Figure 2 (Markeset and Kumar, 2003b). The 
broken lines indicate a technological pull, whereas the continuous lines indicate a technological push. 

 

 

 

 

 

 

 

 

Figure 2 The relationship between product design characteristics, application type and product 
support (Source: Markeset and Kumar, 2003b) 

Product support includes all the activities (e.g. maintenance) that ensure that a product is available for 
trouble-free operations over its useful life span (Loomba, 1996). Product support, in fact, is a form of 
assistance that manufacturers/suppliers offer to users/customers to help them gain the maximum value 
(profit) from the manufactured products. 

Maintenance is, in general, a process that is activated and can be defined as the combination of all the 
technical and associated administrative actions, including supervision actions, intended to retain an item in, 
or restore it to, a state in which it can perform a required function (International Electrotechnical Vocabulary 
[IEV] 191-07-01).  
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Maintenance objectives can be summarized under four headings: ensuring the system function (availability, 
efficiency and product quality), ensuring the system life (asset management), ensuring safety, and ensuring 
human well-being (Dekker, 1996). For production equipment, ensuring the system function should be the 
prime maintenance objective. Here, maintenance has to provide the right (but not the maximum) reliability, 
availability, efficiency and capability (i.e. producing at the right quality) of production systems, in 
accordance with the need for these characteristics. 

Anyway, it can be asserted that one importance of product support is that it increases customer satisfaction 
through on time and accepted level of quality of production delivery, so that customers become interested in 
purchasing more.  

4  Spare parts and its management 
Spare parts provision is one form of product support that the manufacturers and suppliers have to consider 
seriously to be able to stay in competition. Optimal spares provisioning is a prerequisite for all types of 
maintenance tasks, such as inspections, preventive maintenance, and repairs. With the exception of 
preventive activities, spare parts for maintenance tasks are usually required at random intervals. Thus, the 
fast and secure coordination of the demand for spare parts with the supply of spare parts at the required time 
is an important factor for the punctual execution of the maintenance process. Missing materials are one of the 
most frequently cited reasons for delay in completion of maintenance tasks. As spare parts for machinery are 
often of a very high quality, this problem cannot be solved simply by an increased warehouse stock.  

Through the optimization of product support logistics, material stocks of spare parts can be optimized to 
support maximum availability with minimum stocks.  

The aim of product support logistics is to minimize the product support costs, which in the case of spare 
parts including costs for ordering, holding, transportation, product down-time, etc. The spare parts program 
of a plant is an essential part of the overall spare parts management, because it ensures that there will always 
be an adequate supply of spare parts at hand when they are needed and that the plant will never experience 
costly delays in repairs while awaiting spare parts. However, maintaining this inventory can also result in 
significant additional costs for plant/product operation if it is not optimized. 

4.1  Required spare parts estimation 
Sometimes industrial companies are faced with machine down-time due to a shortage of required spare parts, 
and this is because of the manufacturer’s/supplier’s recommendation for the average number of required 
spare parts to be kept in stock. In most cases the manufacturer is not aware of the prevailing environmental 
factors when estimating the average number of required spare parts. Consequently, to avoid down-time 
caused by the unavailability of spare parts (more common in the mining industry in particular), it is 
suggested that companies should take the operating environment factors into consideration when estimating 
the spare parts need.  

Most of the research work in the spare parts domain has been carried out in inventory management. 
Guaranteeing the availability of systems/machines, as mentioned earlier, assumes that spare parts are always 
available on demand. Estimation and calculation, however, of the required number of spare parts for storage 
to ensure their availability when required, with respect to techno-economical issues (reliability, 
maintainability, life cycle cost, etc.), have rarely been considered and studied (notable exceptions being, for 
example, Sheikh et al., 2000; Tomasek, 1970). 

None of the surveyed literature dealing with required spare parts calculations based on the reliability 
characteristics of a product has considered the operating environment as a factor influencing reliability 
characteristics of machine (e.g. Jardine, 1998; Lewis, 1996). Reliability of a system in fact, is a function of 
the time of operation and the environment under which the system is operating. Lower reliability means a 
greater probability that there will be an unexpected number of failures leading to unscheduled repairs and a 
consequent decrease in system availability in its service life. As noted earlier, there are many factors, which 
can influence the reliability characteristics of system, and the reliability level of product has an influence on 
the product support. 
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The operating environmental factors can easily affect the failure rate (behavior) of a system yet are ignored 
in most reliability analyses. A valuable statistical procedure to estimate the risk of equipment failing when it 
is subjected to its operating environment and conditions is the proportional hazards model (PHM). Based on 
PHM the hazard (failure) rate of a system is the product of baseline hazard rate λ0(t), dependent on time only, 
and one another positive functional term (that is basically independent of time), which incorporates the 
effects of covariates such as temperature and pressure. 

So, the actual hazard rate (failure rate) in PHM with respect to exponential form of time independent 
function, which incorporating the effects of covariates can be defined as shown in the following equation: 

∑
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Where zj, j = 1, 2,…, n, are the covariates associated with the system and αj, j = 1, 2, …, n, are the unknown 
parameters of the model, defining the effects of each one of the n covariates.  
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Figure 3 Effects of risk factors (covariates) on hazard rate of system 

With the assumption of replacing the parts/components upon failure, homogeneous Poisson process models 
can be used when the time to failure follows an exponential distribution with a constant mean value; i.e. 
when the failure rate is constant. A constant failure rate could mean that the number of occurrences per time 
unit does not vary over time. However, the Poisson process can be used to model higher indenture spares 
such as Line Repairable Units (LRU) in the steady state. 

The exponential reliability model is a simple and applicable model to use, especially when the effects of 
covariates are considered in the study of non-repairable elements/systems. Therefore, in this case the total 
number of spare parts available, with the assumption of an exponentially distributed lifetime for them, can be 
calculated through the use of the following equation (see Billinton and Allan, 1983; and Kumar et al., 2000b 
for background information):  
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P(t) = Probability of a shortage of spare parts (1- P(t) = Confidence level of spare part 
availability or service level) 

λ0 = Base line failure rate of an objective part (without considering the effect of covariates) 

  t = Operation time of system 

 N = Total number of spare parts available in period t 

zj = The covariates associated with the system and 

αj = Regression coefficient of the model, defining the effects of each one of the n covariates 
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This equation is based on a Poisson distribution that represents the probability of an isolated event which 
occurs a specified number of times in a given interval of time, and, as mentioned before, one requirement of 
the Poisson distribution is that the hazard rate should be constant. In such circumstances the hazard rate is 
generally termed the failure rate.  

If q represents the number of the same part in use at the same time, then q is entered into the equation in the 
form of multiplication by λtq. In this way the calculated N will represent the total required number of spare 
parts for the whole system. 

5  Spare parts inventory 
Inventory control of spare parts plays an increasingly important role in modern operations management. The 
trade-off is clear: on one hand a large number of spare parts ties up a large amount of capital, while on the 
other hand too little inventory may result in poor maintenance and product support or extremely costly 
emergency actions (Aronis et al., 2004).  

A general approach which can be used to determine an appropriate inventory and its replenishment for the 
existing equipment in use is shown in Figure 4. 
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Figure 4 Spare parts optimization process (determination of inventory) [adapted from IAEA, 

2001] 

Following a decision that a particular part should be kept in the inventory, the next question to be answered 
is how many parts the inventory should contain. Part replenishment is determined on the basis of the 
expected usage rate of the part and the economic risk associated with allowing a depleted inventory to occur 
during the part replenishment cycle which would otherwise follow the removal of parts from stock. 

Factors which influence the usage rate and replenishment include: 

• the part failure rate and usage rate per component, 
• the number of similar components. 

The probability that a spare will not be available when needed will be a function of the number normally 
held in the inventory (part replenishment), the number of similar components and their reliability, the 
operating environment (part usage rates) and the time taken to restock parts after they have been removed 
from the inventory (replenishment cycle). 
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The principle objective of any inventory management system, as mentioned earlier, is to achieve an adequate 
service level with a minimum inventory investment and minimum administrative costs which can be 
achieved for instance directly by save on ordering cost by ordering more than what is needed. This will cause 
to blocked capital in inventory. To solve that, the economic order quantity (EOQ) (Figure 5) which 
originates from Harris (1913) and Wilson (1934) made it popular, can be used and is the lot size that 
minimizes the total inventory cost, concerning both holding and ordering with respect to elimination of 
shortages, and can be calculated as (Krajewski and Ritzman, 2005): 

H
DSEOQ 2

=    (8) 

where: D = the annual demand (units/year)[equals N in one year] 
S = the cost of ordering or setting up one lot ($/lot) 
H = the cost of holding one unit in the inventory for a year (often calculated as a proportion of the 

item’s value)  
 

 

Figure 5 Economic Order Quantity (Source: Krajewski and Ritzman, 2005) 

6 Validity and reliability of model 
The hydraulic loaders and LHDs are used commonly in the open pit and underground mines for loading, 
hauling, and pilling up of ore and gangue (Figure 6).  

 

Figure 6 LHD and loader machines 

The hydraulic bucket lifting system of these machines, which includes different repairable and non-
repairable parts, plays a key role in the operation of machine. The hydraulic seal, which is used in hydraulic 
jacks, is one of non-repairable parts that were studied for estimation of the required number of spares to 
prevent the long downtime and increasing the availability of machines. We tried to realize the estimation and 
therefore started with analyzing the effect of operating environment on mean time to failure and 
consequently forecasting of spare part needs. Figure 7 shows a number of seals that was mounted on 
hydraulic lifting jack. 
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Figure 7 Hydraulic jack and seals 

We identified the important environmental factors influencing the performance of the seals, and codified 
them by numeric value (+1 for good condition and -1 for bad). These factors are the Roughness of jack rod 
(RNR), Type of hydraulic oil (OILTYPE), Dust, Temperature (TEMP), Pollution (POLUTION) and 
Operator’s skill (OPSKILL).  

The SYSTAT software was used for estimating the correspond value of α (regression coefficient in PHM 
model), and were tested for their significance on the basis of p-value. The results show that the effects of 
three covariates (DUST, OPSKILL, OILTYPE) are significant at 10% p-value. 

The best model for hazard rate of seal according to the result of the PHM analysis is: 

λ(t,z)= λ0(t) ×  exp(-0.783 DUST – 0.777 OPSKILL + 0.397 OILTYPE) (9) 

The predictable number of required seal in one working year (two working shift per day) with respect to 
3000 hours (manufacturer recommendation) as a base line mean time to failure of seals with 90% confidence 
of accessibility when it is required, is equal to: 

∑
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N ≈ 8 (units/Y/loader) 

In the ideal circumstance, where no covariate existing, the required number of seals is equal to: 
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N ≈ 6 (units/Y/loader) 

In comparison the number of required seals in both conditions, with or without considering the operating 
environmental factors’ affect, the significance of these factors and their role in actual life of parts is 
appeared. We can also conclude for optimizing of system organization with respect to real life factors, 
operating environmental parameters should be taken into account in process management of system/machine. 

7 Conclusion 
In the recent highly dynamic and constantly changing mining and industrial environments, issues relating to 
product support are becoming increasingly important because of maintaining the high availability of 
machines and process out put. 

A lack of timely support or incomplete support is likely to cause unexpected down-time, which in turn will 
lead to losses for which one is unable to compensate. Falling within the definition of product support items 
are spare parts. The lack of a critical spare part can cause an untimely stoppage of a machine/system. The 
forecasting of product support and spare parts requirements based on the reliability and maintainability 
(R&M) characteristics of systems/components is one of the most effective strategies for prevention of 
unplanned stoppages. The operating environment of a system/machine has a considerable influence on the 
performance of the system and its technical characteristics, such as its reliability, maintainability and 

 SealHydraulic 
Jack 
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consequently availability. Therefore this factor should be considered together with PAMS characteristics of 
machine while making estimation of spare parts and planning for support. 
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Abstract/Kurzfassung 
Automatic rock identification systems -operating on-line, non-contact and non-destructive and providing 
real-time information on the type and quality of the respective mineral bulk solids- can solve a variety of 
problems in quality and process control in the raw material industry. The method of Laser Induced 
Fluorescence (LIF) has been successfully tested in the past in measuring the phosphorous content of iron 
ores, in identifying ore and waste rock in diamond mines and in the determination of the acid consumption in 
heap leaching of porphyry copper ores. The LIF fingerprinting technique uses pulsed high-energy laser 
beams to stimulate fluorescence in minerals and very fast and sensitive photomultipliers for measuring 
fluorescence intensity and its decay. GHz digitizers ensure the computerized evaluation of the signals at a 
high temporal resolution. 

Siebtechnik GmbH in Germany has recently acquired the LIF-Know-How and is right now manufacturing 
the first unit of the latest generation of LIF Rock Analysers applying the most recent laser and computer 
technology thus providing the highest standard of analysation. Its rigid and shock proof design allows the 
system to withstand the rough environmental reality in mining and metallurgical mills and ensures high 
reliability and availability. The Siebtechnik LIF On Line Analyser will be installed in the blast furnace 
charging system at a large steel mill in Germany directly above a continuously operating belt conveyor. It 
will detect failures in charging thus avoiding trouble in blast furnace operation by analysing the conveyor 
load consisting of pellets, coke, lump and sinter ore as well as slag producers like gravel, limestone, olivine 
and dolomite. Latest up to date results on the unit and a prospect of further applications in open cast and 
underground mining activities will be presented in the report. 

1 Introduction and basics 
Quality control and identification of raw material bulks is accomplished by the steps of sampling, sample 
division, analysis and consequent statistics that lead to a statement on the properties of the sampled bulk. The 
frequency increase of sampling –though required due to statistical reasons- soon reaches natural and personal 
limits in physically sampling, sample transport, sample treatment, analysis etc. Those limits do not exist for 
methods of quality control and identification that operate non-contact on the base of material specific active 
or passive radiation properties. One of these properties that though being suitable for non contact systems has 
not been exploited to a great extent is the phenomenon of photoluminescence and especially its variety, the 
laser induced fluorescence. 

Photoluminiscence describes the physical property of matter of emitting visible light after irradiation with 
light. The irradiation lifts up the electron energy while the light emission occurs when falling back to the 
previous energy level. According to the law of Stokes the electrons absorb energy by short term staying in 
intermediate energy levels and thus the emitted wavelength is generally higher (meaning the energy is lower) 
than the one of irradiation. Phosphorescing minerals show light emissions that persist for a longer visible 
period after irradiation (up to months) while light emitted by Fluorescence phenomena obviously disappears 
right after inactivation of the radiation source. In fact this light emission takes several microseconds to 
vanish, which is sufficient for opto-electronic components that are available nowadays. Especially latest state 
of the art lasers as source of irradiation and photo-multipliers as detectors enable fluorescence to be a 
suitable means for material identification. 

The phenomenon of fluorescence of naturally occurring minerals has been discovered approximately 200 
years ago. Researchers like Goethe discovered that minerals showed a fluorescence behaviour when exposed 
to light below the visible spectrum. Due to the fact that UV-rays derived from visible light have a relative 
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low energy density, the idea of applying higher energy light sources like lasers came into view in the 60`s of 
the 20th century. The first application in the mining sector has been the fluorosensor. This airborne 
prospecting device however did not gain industry acceptance[1, 2]. Research work on the LIF of minerals 
resulted in new findings, which gave good reason to revive the interest in fluorescence and its utilization in 
the mineral industries [3,4]. 

 

Figure 1 Fluorescence as a function of excitation and emission wavelengths 

As stated above fluorescence is defined as the short-lived form of photoluminescence, which is the physical 
property of matter to emit light radiation. Fluorescence of matter can be described by the following: 

• The absorption spectrum (intensity as a function of the excitation wavelength) 

• The emission spectrum (fluorescence intensity at varying emission wavelengths (see fig.1). The 
decay curves (time related decrease of the intensity) 

• The quantum efficiency (the ratio of irradiating energy to emitted energy). 

With laser induced fluorescence: 

• fluorescence signals can be found in the upper UV, when minerals are irradiated with deep UV,  

• fluorescence can be excited in almost all minerals, when irradiated with pulsed high energy UV laser 
light,  

• different rocks fluoresce differently,  

• ores of different degrees of oxidation fluoresce differently and also  

• ores of different degrees of alteration fluoresce differently 

• also only slightly fluorescing materials like coal, coke, sintered and pelletized ore can be 
distinguished when irradiated by laser beams. 

LIF analysis can be applied in almost all geological environments and not just in mines, where the classic 
fluorescent minerals occur. E.g. the copper in the porphyry deposit does not show a fluorescence signature 
but its host rock does. Also the identification of industrial hemiproducts is possible. 

1.1 Examples of emission spectra and decay curves 
Fig. 2 shows the emission spectra of three samples of oxidized ore from an American open pit gold mine, 
where the degree of oxidation of the samples is different. Obviously the emission spectra are summation 
curves from four individual glow centres at 340, 380, 440 and 490 nm wavelength. The absolute readings at 
these wavelengths or the ratios of pairs of these readings can be evaluated. The standardized decay curves 
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(fig. 3) of the three samples of oxidized ore were measured in the spectral band at 380 nm and clearly 
separate sample 2 from samples 1 and 3. These findings also are utilized in an evaluation. 
The advantages of using two different excitation wavelengths are demonstrated in fig. 4, where the emission 
spectra of four samples of phosphorous iron ore and waste rock from one deposit exhibit significant 
differences.  

The evaluation of decay curves of Wollastonite and Calcite from a quarry facilitates the accurate 
identification of the different rocks (fig. 5) 

 

Figure 2 Emission Spectra of Oxidized Ore 

 

Figur 3 Decay Curves of Oxidized Ore 
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Figure 4 Emission Spectra at two Excitations 

 

Figure 5 Decay Curves of two Minerals 

1.2 Limitations of fluorescence analysis. 
The shortcomings of fluorescence analysis - including LIF analysis - must be realized. Fluorescence analysis 
certainly is no tool for determinative mineralogy. Photoluminescence in minerals is predominantly caused by 
minute quantities of trace elements, which disturb the electromagnetic field forces in the crystals and 
facilitate an electron shift to higher energy levels by electromagnetic irradiation (light) and the subsequent 
luminescence during the electrons' return to the initial energy level. As the presence of trace elements varies 
from deposit to deposit, minerals (or rock) from one deposit may fluoresce totally different in comparison to 
the "same" minerals from another deposit. Emission spectra of minerals have half band widths of 100 to 300 
nm and often are the summation of spectra from various glow centers in the mineral, while poly-mineralic 
rock always produces cumulative emission spectra. Generally it is impossible to directly relate the 
fluorescence intensity to one element or to one mineral present in a rock.  

1.3 Potential of laser induced fluorescence  
Laser induced fluorescence can be excited in almost all minerals and rocks. The fluorescence intensities are 
very sensitive to any changes in the composition of the rocks. The pulsed laser irradiates the rock for a few 
nano-seconds only and the duration of the fluorescence of many minerals (i.e. the emitted signal) generally 
takes less than 2 micro-seconds. Due to this each measurement is executed in only 5 µs and the availability 
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of real time results is limited by the speed of the data acquisition electronics and the evaluation computer 
only. 

LIF analysis is one of the technologies of optical sampling and operates in a non-contact mode. The 
advantage compared to “light only”-systems lies in its higher energy and the possibility of measuring at 
higher distances that might vary from 1 to 1.5 m. The accuracy of results from LIF analysis depends on the 
complexity of the composition of the ore or product and on the concentration and fluorescence properties of 
the critical minerals in relation to all the other present minerals. 

A two-component mixture with one sterile and one fluorescent component facilitates an accurate quantitative 
LIF analysis, which makes this the easiest task for identification with LIF. Identifying poly-mineralic rock 
with various fluorescent minerals is more complicated and only sophisticated evaluation of fluorescence 
signals will lead to an identifying qualitative LIF signature. So LIF analysis under favorable circumstances 
can be a quantitative assaying method, but generally must be seen as a fingerprinting method for rock 
identification.  

Even though fluorescence analysis cannot be used for general determinative mineralogy, within the restricted 
geological environment of a particular mine LIF analysis is a highly sensitive technique for rock 
identification. 

Rock ID by LIF is a method, where initially 

• all types of rock - defined by e.g. mineral composition, grade of paymetals, content of penalty 
elements, degrees of oxidation or alteration - or all products in the processing plant passing a 
common sampling point are sampled once,  

• classes of rock types or products are defined according to the specific requirements of downstream 
processing or to the quality of ore, intermediate or final products,  

• the samples are assigned to predefined classes,  
• the LIF signatures of the samples are recorded  
• the LIF signatures and the classes are stored as reference data  

and where thereafter during production  

• the LIF of broken rock (ore) or of intermediate or final products during transport by belt conveyors 
or by trucks is measured,  

• the respective LIF signature is derived at,  
• the LIF signature is compared with the reference data and the corresponding class is assigned to the 

rock (ore) or product,  
• the information is passed on to the processing management system or displayed for the operator.  

1.4 The principle design of LIF Analysers 
LIF analysers consist of a laser, optics to shape the laser beam and direct it towards the flow of material to be 
tested, optics to observe the irradiated area on the surface of the material, light detectors to convert the 
fluorescence signals into electric signals and fast electronics and a computer to digitize and evaluate the 
signals. Peripheral devices include an external trigger and communication means. 

 

Figure 6 LIF Analyser, schematic 
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Typical components are as follows: 

• a Nd:YAG laser with harmonic generators to deliver at least 266 nm with at least 2 mJ pulse energy  
• a 50:50 beam split to produce two equal laser beams  
• two telescopic optical systems for both the irradiation and the observation of the material with 

parallel light only,  
• radio-controlled triggering,  
• a computer link to the production management system.  

2. Overview on general mining applications for LIF Online Analysers 
Rock identification by LIF signatures can be applied for quality control proper and for bulk sorting, blending 
and process control. Generally bulk sorting is less demanding and requires the identification of fewer product 
classes than blending or process control. Bulk sorting can be realized in an easy way with one conveyor 
discharging to a diverter followed by two conveyors. In many cases the sorting into two classes of products 
only is needed. Assuming a porphyry copper open pit situation with in-pit crushing and belt conveyor 
transport of broken rock out of the pit, a classification of the rock into mill feed, low grade material and 
waste, i.e. into three classes, is required. Of course, these product classes can be further sub-divided in more 
sophisticated applications of LIF analysis. Two or three classes of rock types have to be identified, when 
classifying waste into acid-generating, neutral and/or acid-consuming rock. Ore can be sorted according to 
the respective degrees of oxidation or alteration. For blending and process control the metallurgist generally 
wants quantitative information from any analysis and not just two or three classes of rock types or quality 
groups. Blending very often has the objective to maintain the grade of an ore or concentrate above a fixed 
value or to assure the content of a detrimental component below the maximum permitted value. Process 
control may include the dosage of flotation reagents according to the measured content of a specific 
component. Also for quality control of final products quantitative information is required. It has to be 
accepted, that LIF analysis can not always meet the requirements and that other methods may offer better 
solutions. 

Distinguishing bulks from ore bodies with different phosphorous contents (Kiruna type ores) is another 
proven application. 

2.1 Minerals 
As mentioned above fluorescence signature of minerals depend on the occurence of trace elements in the 
crystal lattice and can differ from one deposit to the other. 

In spite of this certain minerals exist that tend to fluoresce to a great extent and in addition to that show a 
typical fluorescence colour and/or emission wave length also in the spectrum invisible for human eyes. 
These are shown in the following list: 

strong mediocre weak very weak 
Apatite Calcite Baryte basic minerals 

Calamine Dolomite Sphalerite ultrabasic minerals 
Fluorite Feldspar Halite iron ores 

Hydrozincite Uranium minerals sialic minerals  
Powellite    
Scheelite    
Willemit    

Wollastonit    
Zircon    

2.2 ore and industrial minerals 
It is obvious for mono-mineral ores or industrial minerals to possess significantly different flourescence 
signatures when combined in a poly-mineral rock. (e.g. Fluorite- oder Baryte gangue in psamnite rock). 
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Generelly minerals do not occur in mono-mineral deposits but are components of simple or complex 
mixtures of minerals. 

The value of ores or rocks depends in many cases on the occurence of one or more components that increase 
or decrease it. In case of a gradual transition of concentrations of this decisive component an evaluation of 
the respective ore can be achieved by LIF when this component either shows a typical fluorescence 
behaviour itself or influences the fluorescence intensity of another mineral of the mixture extensively. 

These are e.g. 

• the changing Scheelite content in host rock, 
• the changing Zircon content as valuable mineral or indication of the heavy mineral content of an alluvial 

deposit 

     or 

• the changing Apatite content in iron ores as quality reducing component  
• quality reducing iron contaminations in limestone. 

As hardness of host rocks of ores is dependent on their mineralogy the detection of different host rock types 
can be done with LIF as well in order to direct different rocks to different treatment steps according to their 
hardness.  

ores and industrial minerals that generally fluoresce pretty well thus differing from its host rock are e.g. 

massive ores Zinc ores like Willemite, Smithonite, Hemimorphite (but not Sphalerite) in 
the Scorpion deposit in Namibia or Mehdiabad deposit in Iran 

disseminated ores Tungsten ores like Scheelite in Cantung deposit and Mactung deposit in 
Canada 

  Pyrochlorite with Tantal and Niobium in alkalic intrusive deposits  

  Bastnaesite and Monazite with rare earth metals in carbonatite deposits 

Ore gangues Fluorite, Baryte, Scheelite 

Industrial minerals Phosphates like in Greece, Maroc, Mauretania, South Africa and Australia 

  Wollastonite in Calcite like in Norway and Finland 

  Talc in Serpentinite like in France and Montana USA 

Rocks that became fluorescing e.g. by geological processes 

massive deposits Porphyry Copper ores by alteration mineral of the different hydrothermal 
phases 

contact-metamorphic deposits cassiterite, Scheelite and Wollastonite by metamorphosis 

Rocks with fluorescence enhanced by trace elements 

chemical sediments limestone, Dolomite, Magnesite, salt deposits (rare earth elements in the 
crystal lattice) 

Rocks with diminished fluorescence because of trace elements 

chemical sediments limestone, Dolomite, Magnesite, salt deposits (reduced fluorescence by iron 
and manganese components) 

Rocks with typical fluorescence (containing valuable minerals that do not show a fluorescence signature) 

Kimberlites Kimberlites as host rock of diamonds. Kimberlites occur as locally limited 
formations surrounded by non valuable waste rock and can be penetrated by 
intrusive non diamond bearing waste rock  
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2.3 Practical application in a steel factory 
Currently the most recent unit is built at Siebtechnik Company for a German steel mill. The mill has two 
central belt conveyors for all bulks required for blast furnace charging. According to logistic facts 
mischarging of hoppers before the blast furnace are possible and occur in fact. The task of the LIF Online 
Analyser is the verification of the conveyed bulks and alarming the customers process control system, so that 
mixing up of e.g. ore components (pellets, sinter, lump ore), fuel (coke, coal) and slag formers (olivine, 
gravel. Limestone, dolomite) is reliably excluded. The variety of up to 20 different bulk solids from various 
locations all over the world increases the challenge of this application. Due to secrecy reasons a more 
detailed description cannot be published at the moment.  

2.4 Economics 
The economical benefits for this application are persuasive by the following rough figures: 

• Price of the unit incl. mechanical and electrical assembly on site, displacement device for two belt 
conveyors: appr. 400.000 ,- €. 

• Maintenance costs appr. 60.000,- €/a (laser refurbishment) 

• Cost of one severe mischarging event: at least 1 Mio € (production losses due to blast furnace 
downtime, refurbishing refractory materials, etc.) 

Another economical example for a mine extracting copper porphyry ores is as follows: 

As mentioned above copper itself does not have considerable emission properties. So if there is only one 
type of host rock with varying copper contents an identification with LIF is scarcely possible. In most cases 
however the genesis and history of the deposit led to different types of host rock with a differing tendency to 
copper absorption, more or less porosity and differing copper and alteration minerals (bearing varying copper 
contents) due to various intrusion events. In addition to this zones of oxidation occur where a secondary 
enrichment took place -or on the other hand the copper might have been totally leached. The intrusion of 
dykes that occurred after the copper mineralization often formed “internal waste” that does not bear any 
precious metal. 

In these cases the following economical assessment of an LIF installation might apply: 

Assuming a porphyry copper open pit operation with in-pit crushing and conveying has an internal waste and 
low grade problem. At a daily production rate of 100,000 tpd of ROM ore the average mill feed head grade 
is 0.92 % Cu. Raising the daily mine production by 1,000 tpd, installing an LIF online Analyser (and – if not 
already existing - bulk sorting means like chutes and diverters) and selectively deviating 1,000 tpd of low 
grade or waste material (assumed mean grade of 0.25 % Cu) increases the mill feed head grade by 0.0067 % 
Cu to 0.9267 % Cu. 
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Additional mining operating costs: 365 d/y       US$/day 
      
·   mining an extra 1,000 tpd of ore at 1.00 US$/t  1000
      
·   moving an extra 1,000 tpd of low grade/waste by loader/truck   
      
  from a temporary dump at 0.66 US$/t   666
      
Investment:      
      
·       LIF Analyser (one unit) US $  405000  
      
·       depreciation over 5 years  81000  
      
·       operating and maintenance at 15% of investment 60750  
      
LIF Analyser costs US$ per day   388
      
and, if not already existing:    
      
·       2-way-diverter   200000  
      
·       conveyor  (500 m)   500000  
      
·      annual depreciation over 10 years  70000  
      
·       annual operating and maintenance costs at 10% of investment 70000  
      
Diverter costs US$ per day                   384
      
Additional costs in US$ per day               2438
      
 
Revenue      

      
 Additional daily  revenue:     
      
·         increase in head grade by     
 0.0067 %     
          increase in daily copper production   
  (at 90% mill recovery)  by 13,294 lbs   
  6030 kg   
  = 13294 lbs   
          (at a 65% percentage payment,   i.e. a 35% deduction for TC, RC etc.  
      
          and a copper price of  $3,70  /lb (LME 26th March 2008)   
      
Additional revenue US$ per day   31.971  
     

minus additional costs US$ per day    
2.438  

     
Additional operating profit US$ per day   29.533  
     
Additional annual operating profit   $10.779.659 
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3 Conclusions 
The continuous strive towards better mill performance at increased throughput rates and lower costs will lead 
to improved quality control of mill feed. Bulk sorting of ROM ore into different quality classes and the 
separation of internal waste are a major step to higher mill efficiency especially with regard to increased raw 
material prices. 

LIF analysers operate in a non-contact mode and in real-time. They do not hamper any transport system and 
facilitate the automatic control of down-stream processing. LIF analysis detects even minor changes in the 
mineral composition of ore, which with most other analytical methods cannot be measured in real-time. Here 
especially changes in the degree of oxidation or alteration of the ore are of importance. It is a reliable means 
for quality control of bulk solids and especially of industrial minerals and ores. 

The LIF online Analyser is designed to withstand the rough day to day surroundings in mining, metallurgical 
and aggregate mills. Installing of such a unit often leads to enormous short term economical benefits 
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Abstract 
Two different mine applications are presented. GIRON is LKAB’s main mine planning and information 
system with several different functions and usage. WOLIS (Wireless Loader Information System) is LKAB’s 
decision and support system used in LHD’s (Load Haul Dump Machines) to aid the driver to make the right 
decisions in real time.  

1 Introduction 
The project GIRON was started in August of 2003. The main purpose of the project was to develop a new 
platform for LKAB’s mine planning and information system connected to the mining. The system was 
finalised in June of 2005 and has continued to grow since then with new and revised functions. The new 
system is used in both Malmberget and Kiruna, contrary to the situation before GIRON when the mines had 
different tools for almost every type of planning.  

WOLIS, Wireless Online Information System, is a system developed by Softcenter and LKAB, aiming to 
improve the efficiency in the mining process. WOLIS is a decision-support system that provides wireless 
transfer of data from LHDs (Load Haul Dump Machines) in the underground mine to the GIRON database. 
The system is currently only used in Malmberget, but will be tested and implemented in Kiruna as well in a 
not-to-distant future.    

2 An overview of GIRON 
The GIRON application is built in Developer Studio 2003. It is built in a three-layered fashion with a client 
at the top, the business logic in objects exposing a DCOM interface and at the bottom resides an Oracle 10g 
database which holds the data used in GIRON. 

There are several types of clients who use the DCOM objects: 

• A thin Web client as the main GIRON application. 

• Different Excel applications mainly used for planning. 

• μStation as CAD application used to draw drifts and fans. 

The database consists of about 200 tables, and stores everything from user rights to how much oil a machine 
has consumed. The system is online and used 24 hours a day, by several numbers simultaneous users. The 
most common way to access GIRON is through the web client. Nothing but Internet Explorer 6.0 is required 
to gain access to the functions within the web application. 

The functions of GIRON can be divided into the 10 groups depicted in Figure 1. The most important gropus 
are briefly described below with respect to purpose and usage. 
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Figure 1 GIRON functional overview 

2.1 Planning 
GIRON provides a tool to plan hauling monthly, weekly and down on a day-by-day basis. Users enter how 
much material is to be hauled, which machine is to be used and where the hauling is to take place. These 
plans are later compared with the outcome in different reports where you, for example, can track a machine 
and see how much it has hauled during a month or the whole mine for a year.  

The CAD program μStation is used for planning and drawing drifts and fans. Another part of the planning is 
how a fan should be blasted.  

 
 

Figure 2 GIRON blasting plan 
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Users can add charges and select how much of the hole that should be filled with explosives by clicking at 
the visualised drill holes.  

2.2 Drilling 
GIRON supplies functions for registering that a fan has been drilled, how much has been drilled and which 
drill machine performed it. This data can later be compared to the plans made in the planning phase in 
different reports.   

2.3 Hauling 
Most of the hauling data enters GIRON automatically, but in the case that the communication is down or 
other problems occur users can manually enter data connected to hauling: quality, where, how much and 
which machine did it.  

2.4 Transportation 
The transportation method differs between Kiruna and Malmberget. Kiruna mostly uses trains, Malmberget 
mostly trucks. GIRON supplies functions for adding both of these types of transportation into the database.  

2.5 Communication 
GIRON is communicating with several other systems, both providing and receiving data as illustrated in 
Figure 3. The subsystems are described briefly below. 

 

 

Figure 3 GIRON communication pattern 
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• MSS: Train control system. Fetches transport plans, shaft balance. Sends performed transports. 

• BKAtco/IREDES Rigs: Drill Rigs. Receives drill plans. Sends quality and performance logs.  

• LOADRITE: A weight-measuring system installed in all LHDs. Sends hauling data. 

• WOLIS/LUCS: Two different hauling/control systems. Fetches hauling plans. Sends hauling data. 

• InfoPlus 21: Information system. Fetches planning and hauling/drilling data. Sends shaft levels. 

• μStation: CAD system. Fetches shafts, levels, stopes and drifts. Sends planned fans. 

• Geology system: Fetches fans. Sends block model and analysis connected to fans. 

The data layer in GIRON provides a read-only view layer that is used to fetch data. All the data written to 
GIRON from external systems are automatically examined and checked for errors before they are accepted. 
This way we assure that the database provides high quality data even though in the case that the sender sends 
corrupted data. 

2.6 Machine follow-up 
GIRON provides functionally to add data connected to machine availability and usage. For example how 
long it has been running without interruption, idle time, down and repair time, consumption etc. This data 
can later be complied in a report showing for example run-time versus drilled meters for a drill rig during a 
specific month.  

2.7 Configuration 
GIRON supplies a large set of administrative functions. Most type of domain data can be edited, added or 
removed by built-in functions. To list a few: 

• Groups, users and group rights 

• Stopes, levels, drifts and shafts 

• Machines of all types: drill rigs, trains, LHDs etc.  

GIRON is using a quite complex scheme for controlling user actions. Every single function can be tuned so a 
group of users can have any, or mix thereof, of the following rights: read, edit, add or delete. This is 
maintained by the group rights function. 

3 GIRON in practice 
GIRON is used on daily basis to plan and monitor the overall hauling process. GIRON has about 50 different 
users, all using different parts of the system. Some users mainly look at different reports, others feed GIRON 
with data, for example from the drilling process with information about how much a specific machine drilled 
and where it drilled. GIRON is a very communication dense system. Every time a haul is reported it is sent 
to other systems, for example to MSS, the underground train control system, to reflect new shaft balances.  

The hauling process starts with the planning of fans in μStation. The plan is then transferred and stored in 
GIRON. The plan is then converted to binary form and sent to drill rigs who perform the drilling. The results 
is then reported back and stored in GIRON for further analyses. With the drill results users can now plan the 
blasting using the blast planner in GIRON. When the plan is complete it is printed and given to the group 
responsible to blasting. For each day, a plan is made how much iron should be taken from each blasted fan. 
Every machine is assigned where to haul and after each shift the drivers reports how much they have hauled 
and from/to where. If WOLIS is used the reporting is performed automatically.  

The hauling is data is used to plan how much the trains or trucks should drag from each shaft. These plans 
are sent to MSS where the actual trains are controlled. After each train the amount of dragged iron is 
reported back to GIRON for further analyses.  
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4 WOLIS 
WOLIS is a control, decision and support system used in the hauling process consisting of the following 
items:  

1. Computer installed in an LHD machine equipped with a WLan antenna and touch screen. 
2. One or more WLan routers connected to the backbone of LKAB installed in each production area. 
3. RFID scanner connected to each computer. 
4. LOADRITE weight system connected to each computer. 
5. RFID tags mounted in drifts and close to shafts. 

Every time the RFID scanner discovers an RFID tag it sends a signal to the WOLIS client computer and 
application with information of which tag it was. The application uses this information to inform the user 
which drift the LHD enters or which shaft the LHD is getting close to. Every bucket removed is tagged with 
the latest passed drift and shaft tag so it is always clear where the load came from and where it was unloaded.  

Every time the driver pushes a button to store a weight it is sent from LOADRITE to the WOLIS client and 
the result is displayed to the driver.  

The number of WLan router is limited and thus the WOLIS client is not always connected to the backbone, 
which means that the WOLIS client application has to store loads until a connection is established. Once 
established the application tries to send all stored loads to the GIRON database in a transactional manner.  

While sending data, or just connected if nothing to send, it also downloads information about the location of 
the drilled blast holes of immediate interest. Some other data is also downloaded, geological data, whether or 
not there are charged holes in the vicinity etc.  

4.1 The application 

 

Figure 4 WOLIS client application 5. 

4. 

3 
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6. 7. 
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9. 
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1. Indicates where the load is taken from. Drift and Fan. 

2. Last weight result. 

3. A graphical representation of the current fan loading from showing drill holes and other close drifts. 

4. A number indicating how much of the planned load has been loaded, in percent. 

5. Some status indicators. If connected to the weight system, if connected to the WLan and an 
indication of upload/download transfers. 

6. Opens up a new window to register down time where you can enter how long and for what reason 
the system was down or unusable. This is transferred to the GIRON database in the same way as the 
loads. 

7. A graphic representation of the total loading from the current fan. Compares iron proportion of the 
loaded ore with how much of the planned load has been loaded (blue line). The red line shows the 
iron proportion of the last 25% loads. These two lines can tell the driver to stop loading from this 
Fan, if the lines drop below a certain percent. 

8. Opens up a new window showing charged holes, if any, close to the current fan. 

9. Some statistics about the total load from the current fan.  

4.2 The installation 

 

Figure 5 WOLIS client installation 

Figure 5 shows how the computer and touch screen is installed in an LHD. To the right is the LOADRITE 
system.  

5 WOLIS in practice 
WOLIS is currently installed in 13 LHD machines in the mine in Malmberget. The system aids the driver to 
make correction decisions about when to stop hauling and move on to anther fan. The system has increased 
the overall hauling of iron and will shortly be installed in Kiruna as well.  

The system is very easy to operate and very appreciated by the drivers. If something goes wrong we have 
emergency service operating 18 hours a day, 365 days a year, ready to drive down to the LHD and exchange 
failing parts or update software if needed.  
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Abstract 
An experimental investigation of blastability has been performed in small- and full-scale by continuous 
critical burden tests: A single inclined borehole is drilled into the rock face thus eventually exceeding a 
technically feasible burden. A useful definition of the “critical” burden Bcrit can be made by the study of the 
shape of the breakage area and it is defined by the maximum burden with complete breakage from the hole 
to the surface and by the shape factor SF that approaches a minimum at the same time. It has been shown 
that Bcrit is primarily a function of the specific charge and the prevailing rock conditions. Concerning the 
optimization of drilling and blasting patterns, an “optimum” burden Bopt can be found by systematic 
analysis. At this burden the specific charge shows a minimum and this has a positive influence on the size 
distribution of blasted rock, i.e. less fines.  

The full-scale experiments have shown that at smaller burdens the energy is sufficient for considerable 
breakage sideways whereas with increasing burden the shape of breakage becomes generally narrower, 
depending on the actual orientation of the strata. Bopt can be found at the section where the maximum area is 
obtained under the condition that Bcrit is still not exceeded and over-break ≥ 0 as well as 0 ≤ SF ≤ 1 at the 
same time. The study of experimentally derived breakage areas at Bopt can be useful in quantifying 
interactions between adjacent holes and thus be used in the design of spacing. Within operational 
possibilities the influence of the local rock conditions on the shape of the breakage area should additionally 
be considered in designing a blast. Considering the technically feasible drilling precision a drill and blast 
pattern optimized by using the described approach should lead to technical as well as economic benefits.  

1 Introduction 
Optimization of the drill and blast work is of utmost importance since the fragmentation obtained in this first 
phase of the production cycle highly affects the overall unit mining costs. However, attempts to minimize 
costs for breaking rock may not be effective at all and slightly higher costs could possibly be recovered many 
times over downstream. Blasting techniques, which minimize the overall costs may be termed as optimum 
blasting. The calculation of optimum blast conditions is still prevented by an incomplete understanding of 
the mechanism of fragmentation. Methodical investigations are hindered primarily by constantly changing 
boundary conditions e.g. drilling parameters, variety as well as heterogeneity of rocks, etc. and the 
complicated observation of highly transient forces associated with the extremely short duration of a blast. In 
such a situation a-priori calculations and simulations of the effects of individual process variables become 
highly uncertain and it is therefore convenient to resort to the use of experiments (small- and large-scale).  

The main intention of the present study is an appropriate and visual description of the comprehensive term 
blastability as well as drawing resulting conclusions.  

2 Methods to determine blastability 
Blastability of rock is a complex function of many parameters (Rustan, 1990). 

A literature review shows different methods for the determination of blastability. An extensive overview is 
given by Kaushik and Phalguni (2003). Some of the major experimental investigations on blastability are, in 
chronological order: 
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1. Livingston (1956) – Crater Blasts: A small charge of explosive detonated at a large depth is acting 
on the rock mass without visible damage to its surface. As the weight of explosive detonated at a 
given depth in a given type of rock is increased, the surface above the charge begins to fail. The 
effect upon energy transfer from explosives to solid rock is qualitatively the same for an increase in 
the charge weight at constant depth as for a decrease in depth of charge at constant weight. Either 
way the following ranges of behaviour may be observed a) strain energy range, b) shock range, c) 
fragmentation range and d) air blast range. Livingston`s theory has been adopted to a great extent for 
testing of explosive performance and as theory for the VCR – concept in underground stoping. 
Duvall and Atchison (1957) have continued to perform crater tests and found out that the size and 
shape of a crater are mainly functions of the charge weight, charge depth, rock type and that other 
variable such as loading density, explosive type and charge length diameter ratio are of secondary 
importance. A review of the theory of cratering is given by Lang (1983) and Clark (1987). 

2. Langefors and Kihlström (1963) established an empirical formula to calculate the maximum burden 
and incorporated a blastability factor c (kg/m3), which constitutes the required powder factor for 
satisfactory breakage. For practical use c can be determined by test blasting with one single vertical 
hole with 33 mm bottom diameter and depth of 1.33 m in a 1 m high vertical bench. The charge 
amount which is needed to cause 1 m burden to barely break and give a maximum throw of 1 m 
equals the value c (Fraenkel, 1954). The rock constant c normally amounts to 0.4 kg/m³ and could 
vary ± 25 % according to investigations by Larsson (1974). 

3. Blastability is defined by Leins and Thum (1970) on the one hand as specific charge (kg/m3) and on 
the other hand by the achieved success of blasting, described as energy input per unit surface 
increase (J/m2). Results have been reported from tests where cylinders of different rock types have 
been blasted with a central axial PETN charge. 

4. A further procedure to determine blastability of rock was proposed by Rustan et al. (1983) by 
introduction of so-called “Critical Burden Tests” whereby the critical burden is defined as the 
smallest burden without breakage. In this test method the critical burden of an evenly distributed 
charge column parallel to the height and midpoint of one side in a slab with dimension 300×300×100 
mm (side×side×height) is determined in model scale. This test procedure has subsequently been 
transferred to full-scale by Rustan and Nie (1987) and resulted in a proposal for a standard method to 
determine the blastability of rock. 

There exist several other approaches, which attempt to correlate blastability with elementary rock mass 
parameters derived from field or laboratory measurements (Hino, 1959; Sassa and Ito, 1974; Heinen and 
Dimock, 1976; Rakishev, 1982; Lilly, 1986). Central to all blastability approaches is a relation that should 
suit various specific conditions in the field characterized by different rock types, explosives, blast geometries 
as well as the required results e.g. fragmentation. It is therefore essential to develop a rock-charge related test 
that can be performed without extraordinary expenses and at the same time allows a detailed acquisition and 
evaluation of the broken volume and thus provides a reasonable basis for the further design of a drilling and 
blasting pattern. 

3 A new approach to determine blastability 
Usually a large number of controlled experiments, basically trial and error procedures, have preceded the 
generation of empirical interrelationships.  

By contrast, the suggested new test procedure is performed in such a way that a single borehole is drilled 
inclined into a rather competent and even rock face, representing a borehole with steadily increasing burden. 
The test might therefore be termed as continuous critical burden test. By blasting a hole drilled in this way 
the exceeding of a maximum burden, at which no breakage at all will occur, is ensured. Blastability is 
thereby equated with the “critical” burden Bcrit, which can be defined by the study of the shape of the 
excavation area, see Figure 1. Drilling and blasting patterns should be subsequently optimized in a further 
analysis by finding an “optimum” burden Bopt at which the specific charge shows a minimum and thus has a 
positive influence on the fragmentation, i.e. yields less fines (Moser, 2003). The suggested new approach for 
blastability therefore focuses on the practical determination of the main geometrical blast parameters, i.e. 
burden and spacing.  
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Figure 1 Intersections along borehole axis and shape of excavation (Wimmer, 2006) 

3.1 Small- and full-scale experiments 
In order to obtain a reliable result on the breakage geometry around a blasted hole with increasing burden, 
small-scale experiments with a homogenous model material i.e. magnetite mortar (Moser, 2003) and a 
charge kept to a minimum have been carried out. The small-scale tests were made in a blasting chamber 
which is situated at the Erzberg mine. A detonating cord (both 3 and 5 g/m) was fixed along a thread during 
the casting. The protruding free end - at half height (250 mm) at the long side of the block (700×500×400 
mm) - was connected to a detonator before blasting. The maximum burden in the layout was set to 20 cm 
with the assumption that this value would exceed the critical burden. After blasting the broken volume was 
then surveyed in 3D and further evaluated. 

The full-scale experiments were made in different rocks with varying explosives in two Austrian 
underground mines (Oberdorf/Laming and Mittersill) as well as in a quarry (Golling).  

Basic data of all experiments are given in Table 1.  

Table 1 Summary of basic data 

3.2 Geometrical survey of experiments 
In order to determine the geometry and discontinuities of the rock mass, a full face survey of the rock face 
before and after the blast has been performed. In this study the 3D measurement system “ShapeMetriX3D” 
(Gaich et al., 2006) which relies on principles from stereo-photogrammetry has been used. It uses two 
images of the same area taken with a calibrated camera from different viewpoints (i.e. stereoscopic image 
pair). The subsequent basic steps for the 3D image generation are: 

Borehole 
Tests Rock type Notation 

Ø L 
Inclination to 
rock surface 

Linear charge 
concentration Test site 

[-] [-] [-] [mm] [m] [°] [MJ/m] 

Oberdorf 6 magnesite O-CBT01-06 45 3.4 20.4 - 35.4 1.62 - 1.78

Mittersill 4 amphibolite M-CBT02R+L 
M-CBT03R+L 48 4.0 49.1 - 61.9 1.63 - 1.94

Golling 1 limestone G-CBT-01 115 22.3 24.0 8.36

Erzberg 3 magnetite 
mortar E-CBT07-09 3-5g/m 

det cord 0.43 23.9 - 24.8 0.008 - 0.014
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• Image matching, i.e. corresponding points in the stereoscopic image pair are determined (automatic 
process). 

• Determination of the external orientation, i.e. the relative orientation between the image planes of the 
two camera positions is determined (automatic process). 

• Reconstruction, i.e. the 3D points of the rock surface are reconstructed by forward intersection 
(automatic process). 

• Referencing, i.e. transformation to a metric 3D image (manual process). 

• The 3D image prior to the blast has been scaled using reference points, whereas the 3D image after 
the blast has been registered to the same coordinate system by using the information on the image 
texture. Thereby corresponding points are determined interactively in the additional software 
component ShapeMetrix3D ModelMerger. 

Figure 2 exemplifies the merging of the original state of the rock face to the situation after blasting by means 
of the full-scale experimental blast in the underground mine in Oberdorf/Laming (O-CBT01). 

 

Figure 2 Graphical composition of the initial state of the rock face to the excavation after blasting 

3.3 Analysis of experiments 

3.3.1 Shape of excavation area, critical and optimum burden 

The 3D images have been further processed with the SURPAC software. Hereby the excavated areas were 
cut in equidistant sections perpendicular to the borehole axis. Then for each section the breakage area, 
burden, over-break and width of breakage were computed. Figure 3 shows the increasing burden with slice 
position along the borehole both for the small-scale and the full-scale blasts.  
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Figure 3 Burden versus section along borehole 

The fairly straight curves indicate that the rock surfaces chosen for the experiments have been rather even. 
With the exception of the full-scale test performed in the quarry (Golling, uppermost curve), the peaks of the 
curves are quite distinct as the curves drop when the critical burden (i.e. complete breakage between 
borehole and free surface) is exceeded. The actual curve form at the peak (rounded and a gradual drop or 
peaked and sudden drop) can be directly related to the shape of the excavation. To get access to the complete 
crater geometry after blasting in Golling it was necessary to excavate the area where the critical burden was 
exceeded as the remaining, non-broken burden was covered by broken rock. The breakage around the 
borehole was much deeper than at the bench face. The burden as well as the area would therefore decrease 
further if the crater could have been reconstructed by the photogrammetry method.  

Similar to the general tendency shown in Figure 3 the breakage area gets progressively larger until it peaks 
and starts to drop. This peak in breakage area is of utmost interest from a fragmentation point of view, i.e. 
lowest possible specific charge. It can either be reached at the critical burden Bcrit or - more typically - just 
below that (cf. Table 2). Figure 4 plots the maximum breakage area and the corresponding burden, which can 
be termed as optimum burden Bopt.  

However, Bopt might be difficult to realize in the design of a drill and blast pattern with respect to the risk of 
a frozen burden. The margin of safety which has to be considered depends among other factors on the 
drilling accuracy, explosive properties and the local rock conditions and results in a burden, which can be 
actually used for practical mining. 
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Figure 4 Breakage area, Ab versus optimum burden, Bopt  

In order to characterize the shape of the measured excavated area a shape factor (SF) related to the area 
formula of a trapezoid can be defined, see Figure 5.  

• Equivalent basis = 2 · area / burden – width of breakage  [m] 

• Shape factor SF = basis / width of breakage  [-] 

SF > 0 corresponds to a trapezoid excavation area, whereby SF = 1 relates to the special case of a rectangle. 
SF = 0 corresponds on the other hand to a triangle and SF < 0 to the case in which the width of the breakage 
exceeds the calculated basis and the triangle has a shape with dented sides, i.e. funnel-shaped. Various values 
of the shape factor SF are schematically depicted in Figure 5. 

 

Figure 5 Shape factor SF, schematic of borehole breaking downward 

Figure 6 plots the calculated shape factor against the burden for the tests reported here.  
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Figure 6 Shape factor versus burden 

Comparing the critical burden Bcrit with the absolute minimum of the shape factor (encircled data points = 
critical burden) shows that their positions coincide quite well. The critical burden can thus be defined as 
where the SF has a minimum. The initial slope of the curve for the blast carried out in the quarry (Golling) is 
different. This is explainable by the orientation of a major joint relative to the blast site, which favours a 
breakage to the side.  

Table 2 summarizes the evaluated data. 

Table 2 Summary of evaluated data 

Critical burden Bcrit Optimum burden Bopt 

Section Burden* Area  Shape 
factor  Section Burden Area** Shape 

factor  Name 

[m] [m] [m2] [-] [m] [m] [m2] [-] 
O-CBT01 1.90 1.39 2.17 0.02 1.90 1.39 2.17 0.02
O-CBT02 2.60 1.11 1.09 0.14 1.60 0.73 1.71 0.38
O-CBT03 2.30 1.34 1.70 0.36 1.60 1.01 2.47 0.54
O-CBT04 1.50 1.35 1.78 -0.05 1.40 1.16 1.83 0.26
O-CBT05 2.10 1.49 2.21 -0.20 1.10 0.78 1.52 0.03
O-CBT06 2.50 1.01 1.29 0.02 2.00 0.80 2.07 0.46

M-CBT02R 0.60 1.29 2.33 0.33 0.60 1.29 2.33 0.33
M-CBT02L 1.60 2.16 2.62 -0.27 1.10 1.56 3.18 0.31
M-CBT03R 0.80 1.70 3.19 0.36 0.80 1.70 3.19 0.36
M-CBT03L 1.70 2.41 2.26 -0.21 1.30 1.74 2.89 0.13
G-CBT01 12.00 7.58 84.76 0.41 11.00 7.19 90.09 0.55
E-CBT07 0.12 0.065 0.006 -0.17 0.10 0.057 0.007 0.02
E-CBT08 0.08 0.039 0.003 -0.14 0.04 0.022 0.002 0.01
E-CBT09 0.11 0.058 0.007 -0.13 0.08 0.044 0.006 0.05

* max. burden with overbreak = 0 or positive 
** max. area before the max. burden is reached, overbreak = 0 or positive and 0 ≤ SF ≤ 1 

For the small-scale experiments the shape factor tends to be around 0 and at the critical burden negative, i.e. 
the energy is nearly insufficient to break the actual burden. In the full-scale tests the shape of breakage 
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resembles a trapezoid at small burdens and before reaching the critical burden the shape changes 
considerably towards a triangle with SF = 0. Some of the experiments have a shape factor of < 0, ± 0 or even 
> 0 at the critical burden. A connection to the local geology is a probable explanation. Moreover, 
irregularities along the curves can be related to the actual rock conditions. 

3.3.2 Burden related to specific charge 

Design formulas usually incorporate a linear relation between burden B and borehole diameter Ø (e.g. 
Langefors and Kihlström, 1963). However, Rustan (1990) has derived exponential formulas by statistical 
analysis and found that in practise B ~ Ø0.63-0.68 over a wide range (lower exponent valid for Ø 48 – 165mm, 
i.e. underground mines and larger exponent for Ø 89 – 381mm, i.e. open pit mines).  

The actual data shows non-linear characteristics but has generally a lack of covering a large range of data. A 
regression line fitted to the data suggests Bcrit ~ Ø1.32 and Bopt ~ Ø1.36 (R2 = 0.98 and 0.97 respectively) for a 
total of 14 measured values. The high exponent might be explained by the fact that most of the data is in the 
range of a burden from 0.1 – 1 m where the powder factor is normally relatively high. The reason for this is 
that the specific surface area is relatively more important at small burdens (Langefors and Kihlström, 1963). 
Furthermore, discrepancies from previous established formulas can be explained by the fact that the actual 
investigation comprises too few data both from underground and surface mines and small- as well as full-
scale (concrete vs. hard rock), which complicates any extensive further interpretation. The range of data 
within the underground experiments further reveals that local geology as well as rock parameters have an 
additional influence on the result.  

It was shown that the suggested Bopt is on average 18% lower than Bcrit. However, comparing the actual 
burden used in the mines Bmine (BOberdorf = 0.75m, BMittersill = 0.7m and BGolling = 4.8m) to Bcrit it turns out that 
the burden practically used is still considerably lower than the critical one (47%). This difference can be seen 
as the margin of safety due to uncertainties (drilling, explosives, geology, etc.) occurring during the sequence 
of operations. 

3.3.3 Assessment of the influence of rock conditions 

Since it can be assumed that the local rock conditions of the respective test sites have a significant influence 
on the test performance a detailed assessment of the discontinuities has been performed. The evaluation of 
data was done by using the program JMX Analyst (Gaich et al., 2006) and visualized as stereographic 
projection showing the orientation of the borehole (virtually rotated to the direction north), the free surface 
(great circle) and the actual discontinuities subdivided into joint sets (poles).  

All the experiments have shown a correct detonation of explosives up to the critical burden with almost no 
existing crushing zone, only extended cracks. Different influences of the local joint systems are exemplified 
by means of the full-scale critical burden experiments performed in the underground mine in 
Oberdorf/Laming. They are visualized in Figure 7.  

Three different cases can be distinguished at the critical burden, the number within parenthesis is the area 
broken: 

a) SF < 0: non-parallel bedding relative to the borehole axis, large Bcrit but small Bopt (1.52 m2) 

b) SF ~ 0: no major influence from the strata, medium Bcrit and same Bopt (2.17 m2)  

c) SF > 0: bedding parallel to the drilled hole, small Bcrit but satisfying Bopt (2.47 m2) 

Qualitatively, situation a) facilitates the breakage (i.e. large Bcrit) but results in a narrow and uneven shape of 
breakage, which complicates the planning of a drill and blast pattern. On the other hand b) represents the 
situation in which the influence of geology on the actual breakage behaviour is negligible. Although there are 
only a few joint planes parallel to the drilled hole, the breaking in situation c) occurs as a right angle 
trapezoid and the explosive still shows a significant action at the critical burden. With respect to the large 
broken area (2.47 m2) the case of SF > 0 will have a significant effect on the enlargement of the spacing 
between boreholes. In this case a substantial decrease in the burden is thus directly associated with a 
considerable widening of the spacing. 

Several explanations may apply: 
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• Orientation of strata favours the diffusion of gases 

• Strength anisotropies 

• Stress wave effects 

Besides the joint plane angle, the vertical joint spacing can be assumed to have a major influence on the 
fragmentation result. In fact, explosives can and do fragment rock across joints, but the extent of fracturing 
depends on rock strength, blasting geometry, explosive pressure and joint quality (Cunningham, 1987). In 
the Kuz-Ram model these factors have been incorporated to a certain extent within the “Rock Factor”, A. 

Within operational possibilities the influence deriving from the local rock conditions should be accurately 
studied and then be considered in the design of the alignment of a blast as well as for optimization of drilling 
and blasting patterns.  

Figure 7 Reverse side of breakage, evaluation of joint sets and stereographic projection analysis 



 

 654

4 Conclusions 
The present approach, termed as continuous critical burden test, can be regarded as a rock-charge related test 
to determine blastability and it is summarized as follows: 

• Boreholes with a defined diameter, drilled with 20 - 60° inclination into a rather even rock face 

• Explosives with a defined charge column 

• Blasting 

• Geometrical three-dimensional survey (e.g. photogrammetry) and analysis (e.g. shape of excavation, 
linear charge concentration, influence of rock conditions, etc.) 

The suggested experimental investigation of blastability is an illustrative tool in small- as well as full-scale 
tests. A useful definition of the “critical” burden Bcrit can, according to this study, be made by the study of 
the shape of the breakage. It is defined by the maximum burden removed by breakage and a shape factor SF 
which approaches a minimum at the same time. It has been further shown that Bcrit is primarily a function of 
the applied explosives (specific charge) and the properties of the rock mass.  

The tests presented here did not have the goal to establish a regression model including all other possible 
factors involved with the determination of the critical burden. Influencing factors on the result might be: 

• Inclination of the hole drilled into the rock surface 

• Rock and explosive properties 

• Top- instead of bottom-initiation 

• Blasting against an irregular, or stepwise changing surface instead an even one 

• Blasting in a confined situation  

However the following suggestions for the optimization of drilling and blasting patterns may be made. 

For practical mining, an optimum burden Bopt should be found through a systematic analysis. At this burden 
the specific charge, which is in direct correlation to the burden, shows a minimum and therefore has a 
positive influence on the size distribution of blasted rock, i.e. it produces less fines. It has been observed both 
in full- and small-scale experiments that at smaller burdens the energy is sufficient for considerable sideways 
breakage, whereas with increasing burden the crater shape becomes in principal narrower, depending on the 
actual orientation of the strata. The optimum burden Bopt can thus be found at the section where the 
maximum area is reached, associated with a critical burden Bcrit that is still not exceeded, over-break ≥ 0 (i.e. 
complete breakage from the hole to the surface) and a positive shape factor at the same time. One can not 
base a design on a negative shape factor. The study of experimentally derived breakage areas at Bopt can be 
useful in quantifying possible interactions between adjacent holes and thus be used in the design of spacing. 
Within operational possibilities the influence of the local rock conditions on the shape of breakage area 
should additionally be considered in designing a blast. If e.g. the alignment of the blast is chosen parallel to 
the strata (e.g. a drift parallel to the strike) the excavation behaviour will probably be a considerable 
enlargement of the spacing together with a decrease of the burden and vice versa.  

Considering the technically feasible drilling precision a drill and blast pattern optimized by using the 
described approach should lead to technical as well as economic benefits.  
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Abstract 
The National Institute for Occupational Safety and Health (NIOSH), as part of a comprehensive program to 
improve mine safety through the widespread acceptance of careful excavation principles in drifting, have 
revisited standard drift round design concepts. Although the initial emphasis was on contour row design and 
providing improved design tools for blasting with de-coupled charges, the focus has broadened into the 
development of a general gas pressure-based drift round design approach. The concept of a damage radius 
(Rd) for a given explosive-hole-rock mass combination is introduced. With the damage radius as the basic 
building block, the blast holes are positioned on the face, beginning with the buffer row, to achieve the 
desired excavation size, shape and smoothness. The design of the contour row of holes is also performed 
using a pressure-based approach. 

The paper presents in some detail the overall approach and the required gas pressure-based design 
equations.  

1 Introduction 
The development of all mass mining systems relies heavily on drifting. In general, it is important that these 
drifts remain stable over long periods of time both for safety and economic reasons. Hence, care must be 
exercised in the excavation process. Today, it is possible to rapidly drill the required blast holes with good 
precision using modern drill jumbos. A wide variety of explosive products are available to charge the holes 
and with the use of electronic delays the holes can be properly sequenced. The remaining ingredient is the 
availability of a practical perimeter control blast design methodology.  

Holmberg (1982) presented a very useful approach to drift blast design in his paper “Charge Calculations for 
Tunneling” which is based on the early work of Langefors and Kihlström (1963). In this approach, the face is 
divided into cut, contour, lifter, and stoping sectors. The required equations providing burden and spacing 
dimensions as a function of hole size, charge concentration, etc. are developed for application in each sector. 
For perimeter charge design, an approach based on a relationship between peak particle velocity, linear 
charge concentration, and distance has been recommended. This has become known as the Holmberg-
Persson (1978, 1979) approach.  

As part of a comprehensive program on improving mine safety through the application of careful excavation 
techniques in drift driving, the National Institute for Occupational Safety and Health (NIOSH) revisited 
traditional drift round design concepts. The initial focus was more narrowly aimed at improving contour row 
design. However, as the study proceeded, it became quite obvious that the key to successful perimeter 
control was, first and foremost, the proper design of the buffer row of holes. Rather than the four design 
sectors identified by Holmberg (1982), there are actually five: cut, buffer, contour, lifter and stoping. Except 
for cut design, which is based largely on geometrical considerations, it appeared that a gas pressure-based 
approach could be logically applied to improved blast round design both with and without perimeter control. 
To accomplish this, the concept of a damage radius (Rd) for a given explosive-hole-rock mass combination 
was introduced. With the damage radius as the basic building block, the holes are positioned on the face, 
beginning with the buffer row, to achieve the desired excavation size, shape and smoothness. Whereas the 
burden and spacing dimensions are the building blocks in a standard blast round, in this new, pressure-based 
approach the burden-spacing dimensions can be calculated, if desired, but they are an output of the design 
approach and not an input.  

A gas pressure-based approach is applied to the contour row as well. This is quite logical since, when using 
de-coupled charges in the contour holes, the borehole wall pressure is strongly dependent on the charge 
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diameter-hole diameter ratio. The simple use of linear charge concentration is not enough to predict the 
damage extent.  

In perimeter control blasting, if the buffer row of holes has been properly designed, the primary function of 
the contour row is to smooth the final excavation surface and not to fragment and remove significant 
quantities of rock. With this “smoothwall” approach, much of the “burden” lying between the contour and 
buffer rows has already been fragmented and/or removed by the buffer row holes.  

The paper begins with a description of the gas pressure-based design approach and then provides a simple 
technique for estimating the damage radius associated with the buffer row of holes. It concludes with a 
discussion of smoothwall design for the contour row of holes. 

2 An overview of the gas pressure-based design approach 
In the way of introduction, consider the 4.5m wide by 4m high drift with arched roof shown in cross-section 
in Figure 1. The perimeter (walls and roof) is to be excavated using smoothwall blasting techniques. The 
following steps are used: 

• Step 1: Design the buffer row 
• Step 2: Add the contour holes 
• Step 3: Design the lifters 
• Step 4: Add the cut 
• Step 5: Add fill-in holes as required 

The key to the approach is the assignment of a “practical” radius of damage (Rd) to each blasthole/explosive 
combination being considered for use in the particular rock mass. By “practical” radius of damage, it is 
meant that if the rock mass lying outside of this ring were removed, the rock remaining within the ring would 
easily break apart. 

 

Figure 1 Example drift shape 

As can be seen in Figure 2, the practical damage zone consists of both crushing and cracking components.  

 
 

Figure 2 Diagrammatic representation of the crushed, cracked and damaged zones surrounding 
a blast hole 
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At this point in the discussion, it will be assumed that Rd = 0.5m for the fully-coupled buffer row holes. The 
technique used for calculating Rd will be presented later in the paper. To start the design, parallel shells 
located at distances of Rd and 2Rd inside the desired contour are drawn as shown in Figure 3.  

 

Figure 3 First step in the buffer row design 

Next, circles of radius Rd are added. The center of the circle corresponds to a future buffer row hole location. 
Figure 4 shows the placement of the buffer row holes in the “just-overlapping” scenario.  

 

Figure 4 Initial placement of the buffer row roof holes 

As can be seen, there is a considerable amount of “un-touched” rock between the as-designed coverage and 
the perimeter. This is overcome by translating the holes along the design line so that they more fully overlap. 
Figure 5 shows one possible arrangement.  

 

Figure 5 Final placement of the buffer row roof holes 

In this particular case, the distance between the buffer row holes is 1.4 Rd or 0.70m. In Figure 6, the buffer 
row has been added to the walls.  
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Figure 6 Addition of the buffer row wall holes 

In step 2, the contour row holes are positioned to “smooth out” the surface created by the buffer row holes. 
The first holes placed are in the drift corners. They have the required look-out and look-up angle to provide 
the space needed for drilling the next round. The remaining holes along the roof are placed to remove the 
remaining rock cusp between adjacent damage circles. The design basis for the contour row is presented later 
in the paper. As can be seen, the amount of rock associated with each hole (the burden) is rather small 
(Figure 7).  

 

Figure 7 Addition of the contour holes 

In step 3, the lifters are added. They have extra work to do both working against gravity and against the 
weight of the overlying pile, so, even if they are the same diameter as the other holes in the round, they are 
often charged with a more energetic explosive. In this particular case, it is assumed that the associated 
damage radius is 0.7m. A lifter hole is placed in each corner and the remaining holes are positioned to cover 
the remaining distance. To improve floor evenness, the circles are overlapped (see Figure 8).  

 

Figure 8 Lifters added to the design 

In step 4, a four-quadrangle cut with a final side dimension of 1.4m has been selected for use. A single, large 
diameter, uncharged hole provides the initial free surface. The numbers refer to the number of the half 
second delay (No. 1 is 0.5 s delay, No. 2 is 1.0 s delay, etc.) being used. The cut has been superimposed on 
the design in Figure 9. 
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Figure 9 Addition of the cut to the design 

Finally, additional “stoping” holes are added to fully cover the face. The final result is shown in Figure 10.  

 

Figure 10 Completion of the design with the addition of stoping holes 

Figure 11 shows one possible design for the 4.5m x 4.0m drift provided by Holmberg (1982) using the 
burden-spacing equations developed by Langefors and Kihlström (1963).  

 

Figure 11 A design provided by Holmberg (1982) 

In Figure 12, the damage radius circles have been superimposed on several of the holes. The gaps in the 
coverage are clearly seen.  

 

Figure 12 Superposition of influence circles on the Holmberg (1982) design 
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The total number of holes in the Holmberg (1982) design (excluding the cut) is 24 whereas in the gas 
pressure- based design it is 40. The latter will clearly require more time to drill and to charge although with 
the application of modern technology this forms a relatively small part of the total drifting cycle. It should be 
pointed out that the designs shown in Figures 10 and 12 are not directly comparable since Holmberg (1982) 
did not include “smoothwalling” of the walls.  

The gas pressure-based approach is very logical and easy to apply, providing one has (1) a reasonable 
technique for estimating the damage radius associated with a particular hole – charge combination and (2) a 
“smoothwall” design procedure. 

The remainder of this paper will focus on one gas pressure-based approach for selecting the required values 
of Rd and some design guidelines for the “smoothwall” row of holes. Before this can be done, there must be 
a procedure for pressure calculation. This is the subject of the next section. 

3 Calculation of blasthole wall pressure 

3.1 Introduction 
An important assumption in this approach is that the damage zone radius is dependent upon the blasthole 
wall pressure. The first step is the calculation of the explosion pressure. Once this has been determined, one 
needs to obtain the pressure applied to the wall of the borehole. For fully coupled charges (the explosive 
entirely fills the hole cross-section), the wall pressure is just the explosion pressure. When using de-coupled 
charges, the explosive gases must expand to fill the cross-section with an accompanying decrease in 
pressure. The calculation of the borehole wall pressure for both cases is described in this section. 

3.2 Explosion pressure 
There are several techniques for obtaining the explosion pressure for the explosive(s) of interest. The 
simplest of these is to obtain the value directly from the explosive manufacturers. They often provide the 
detonation pressure on the specification sheets. This generally has been calculated using the relationship 

                                                                        
4

2DP e
d

ρ
=                                                                               (1) 

Where: 

Pd = detonation pressure (MPa) 
ρe = explosive density (kg/m3) 
D = detonation velocity (km/s)  

It is not known why the manufacturers provide the detonation pressure since it is not the same as the 
explosion pressure (Pe) required in blast design calculations. For practical purposes, it has been found that Pe 
can be approximated using the expression 
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The required explosive density and detonation velocity parameters are normally supplied by explosive 
manufacturers.  

For ANFO with a density ρe = 820 kg/m3 and detonation velocity D = 3900 m/s, the explosion pressure is  
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This pressure is oriented radially outward from the wall of the explosive charge. If the explosive charge was 
in intimate contact with the hole wall (fully coupled conditions), this would be the wall pressure Pw used in 
further calculations.  

As is often pointed out by explosive specialists, this approach to calculating the explosion pressure is very 
simplified and other factors need to be taken into account (confinement, diameter, ideal vs non-ideal 
explosives, etc). That is true, but then someone must supply the information in a form readily available and 
applicable by users of explosives. Until that occurs, the above approach is recommended for use.    

3.3 The pressure on the borehole wall for de-coupled charges  
Generally, the explosion pressures as calculated in the previous section are much higher than the 
compressive strength of the rock being blasted. Although this is desired when fracturing the rock in the 
interior part of the drift round, it is not true for the perimeter holes when perimeter control blasting is to be 
used.  

The first design requirement for the perimeter holes is to keep the borehole wall pressure less than or equal to 
the compressive strength. This is normally accomplished by using de-coupled charges. The explosion 
pressure calculated in the previous section applies at the outer boundary of the charge. To reach the borehole 
wall, the explosive gases must expand and, in the process, the pressure decreases.  

For ideal gases (gases at atmospheric pressure and room temperature), the standard expression relating 
pressure, volume and temperature is 

                                                                 nRTP =ν                                                                                      (4) 

Where 

P = pressure 
υ = specific volume 
n = number of moles of gas present 
T = absolute temperature 
R = the Universal Gas Constant 

Assuming isothermal expansion, one writes 

                                                                     eehw PP νν =                                                                                (5) 

Where 

Pe = explosion pressure 
υe = specific volume of the explosive 
Pw = wall pressure 
υh = specific volume of the explosive gasses filling the hole 

Assuming that 

                                                                       ρe = 0.82 g/cm3 
                                                                         

the specific volume of the explosive would be 

                                                               υe = 1/ρe = 1/0.82 = 1.22 cm3/g                                                         (6) 

For the case when 

                                                           dh = hole diameter = 54 mm 
                                                           de = explosive diameter = 30 mm 

the specific volume of the gasses filling the hole is given by 
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Assuming the explosive to be ANFO (Pe = 1560 MPa), the wall pressure calculated using equation (5) is 
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However, one cannot apply this approach for the very high pressure, high temperature explosive gas 
conditions involved here. To account for non-ideal gas behavior, the co-volume correction term introduced 
by Cook (1956, 1958) and first applied by Hino (1959) for perimeter control applications will be used. It 
forms part of the Utah/NIOSH pre-splitting approach described in a recent paper by Hustrulid (2007). The 
relationship relating pressure, volume and temperature in a consistent set of units is 

                                                                  nRTP =− )( αν                                                                           (9) 

Where 

P = pressure (MPa) 
υ = specific volume (cm3/g)  
α = co-volume (cm3/g) 
n = moles/g 
R = universal gas constant = 8.314474 cm3 – MPa / (mole – oK) 
T = temperature (oK) 

Assuming, as before, that the expansion of the gases in the borehole occurs isothermally, one can write 

                                                          )()( eeehhw PP αναν −=−                                                                 (10) 

Hustrulid (2007) has shown that the expression  

                                                                      α = 1.1 e -0.473/υ                                                                                   (11) 

may be used to relate the co-volume and the specific volume. Substituting the appropriate values into 
equations (12) and (13) 
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one finds that 
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The wall pressure with the co-volume correction becomes 
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As can be seen, the co-volume correction has a major effect on the calculated wall pressure. If the 
compressive strength (σc) of the rock mass is, for example, 

                                                               σc = 200 MPa 

one would expect to see crushing around the hole. If this is not permissible, one would consider changing the 
explosive, changing the hole diameter or changing the charge diameter. The calculation procedure described 
above would be repeated until the desired wall pressure is achieved. 
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4 Buffer row design based on damage radius  

4.1 Introduction 
With the detonation of an explosive charge in a borehole, a shock wave is generated in the surrounding rock 
mass. Depending upon the explosive and the rock mass, somewhere in the range of 5-15% of the total 
explosive energy goes into shock energy. In spite of the relatively low amount of energy involved, the shock 
wave is thought to be responsible for most, if not all, of the new crack generation. The remaining energy is 
contained in the high pressure gases. Upon expanding, these gases produce extension in the old and new 
cracks and eventual displacement of the burden. The overall damage to the rock surrounding the borehole 
involves both of these effects. Previous investigators have generally focused on one or the other of these 
producers of rock damage. Since both contribute to the overall damage, both must be included. This section 
presents a pragmatic first approach to predicting the damage radius based on an integration of the two 
effects.  

4.2 The modified Ash approach 
For open pit mining applications, Ash (1963) has suggested the following relationship between the burden 
(B) and the hole diameter (dh) for fully-coupled explosives. 

                                                                   B = KB dh                                                                                     (14) 

Where 

KB = constant 

Ash (1963) found that when using ANFO (with a density of 0.82 g/cm3) to blast average rock (density of 
2.65 g/cm3), the use of  

                                                                        KB = 25 

provided very satisfactory results. By way of an example, if the hole diameter (dh) is 0.10m, then the 
appropriate burden would be 

                                                             B = 25 (0.10) = 2.5m    

When using explosives of greater specific energy (energy/volume) than ANFO to blast the average rock, one 
would use  

                                                                        KB = 30 

Or even  

                                                                        KB = 35 

For surface blast design, Hustrulid (1999) recommended that designers think in terms of cylindrical 
fragmented plugs of rock surrounding each hole. For the “just-touching” scenario, the radius of influence (R) 
of the plug is equal to B/2. Equation (14) can be written as 

                                                                     2R = KB dh 

But since 

                                                                      dh = 2 rh 

Then 

                                                                      R = KB rh                                                                                       (15) 

For the present application, it will be assumed that the damage radius is equal to the radius of influence. 

                                                                        Rd = R                                                                                     (16) 

And hence 

                                                               Rd = KB rh                                                                                         (17) 
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Or 

                                                            Bhd KrR =/                                                                                       (18) 

It is important to have an expression for Rd that can be applied to different explosive – rock combinations. 
Based upon energy considerations, Hustrulid (1999) has shown that  
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Where 

ρe = explosive density (g/cm3) 
ρrock = rock density (g/cm3) 
sANFO = weight strength with respect to ANFO 
ρANFO = ANFO density (g/cm3)  

If ANFO of density 0.82 g/cm3 (sANFO = 1) is used in 38mm diameter holes in granite of density 2.65 g/cm3, 
one finds that the damage radius is 

                                                     Rd = 25 (0.019) = 0.48m  

If an emulsion with the following properties 

                                                                ρe = 1.15 g/cm3 
                                                           sANFO = 0.88  

is used instead, then 
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The corresponding damage radius would be 

                                                 Rd = 27.8 (0.019) = 0.53 m 

If the comparison basis is the explosion pressure rather than the explosive energy, one can write 
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Where 

Pe Exp = explosion pressure for the explosive 
Pe ANFO = explosion pressure for ANFO 

The specification sheets provided by an explosive manufacturer indicate that 

                                           Pe ANFO = 1550 MPa 
                                           Pemulsion = Pe EXP = 3150 MPa 

One finds that  
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For the 38 mm diameter hole filled with emulsion, the damage radius would be 

                                                           Rd = 35.6 (0.019) = 0.68 m 

This pressure-based approach appears to provide results more in keeping with those of Ash (1963) and thus 
is to be recommended for use in underground blast design. As indicated, this is a simple and easy to 
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understand technique to estimate the damage radius. It involves the use of readily available explosive and 
material properties. 

4.7 Preliminary recommendations for buffer row design  
Although several other approaches are available for estimating the damage radius Rd associated with fully 
coupled charges, it is recommended that the modified Ash approach based on explosion pressure (equation 
(20)) be applied.  

5 Design of the contour row 

5.1 Introduction 
As was indicated earlier, the primary task of the contour holes is simply to smooth the surface produced by 
the buffer row of holes. The actual “burden” is small. It is not, as is often stated, the distance to the buffer 
row since the fragmentation of the inter-lying rock is largely the responsibility of the buffer holes. The 
spacing-burden ratio for the contour row of holes is high. In this section, a rule for the spacing of the contour 
line of holes will be given.  

5.2 Spacing based on the force equilibrium approach  
Sanden (1974) applied the force-equilibrium approach in developing a hole spacing (S) relationship for pre-
splitting. The same approach will be applied to this contour blasting application. Consider the radial stress 
acting on the boundary of hole of radius ‘rh’ as shown in Figure 13.  

 

Figure 13 Diagrammatic representation of two holes in the contour row 

Only the right hand side of the left hole will be considered. The incremental force (dFi) in the radial direction 
produced by the pressure Pw acting over a small incremental area rh dθi on the circumference of a hole of unit 
length is given by  

                                                                ihwi drPdF θ−=                                                                            (21) 

The component of the force acting in y - direction, normal to the line connecting the hole center lines is 
given by  

                                                                 iihwyi drPdF θθsin−=                                                               (22) 

The total force in the y-direction is obtained by adding up (integrating) these contributions. This may be 
expressed as 

                                                                θθ
π

dPrF why sin
2

0∫−=                                                            (23) 

The result is 

                                                                      Fy =  rh  Pw                                                                                (24) 

Since there are two contributing holes, the total driving force is  
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                                            FD = 2 rh Pw                                                                                 (25) 

The resisting force, FR, is 

                                                              ( ))2 htR rSF −= σ                                                                         (26) 

Where: 

S = hole spacing 
σt = tensile strength of the rock mass 

Equating the driving and resisting forces one finds that 
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If the wall pressure is designed to be equal to the compressive strength (σc), equation (27) then becomes 
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By knowing or estimating the compressive strength/tensile strength ratio one can obtain a maximum value 
for the perimeter row hole spacing. As was indicated earlier, the spacing of the perimeter holes is 
coordinated with the buffer row spacing. In actual practice, one would compare the latter value with that 
given by equation (28). If it is greater, than design adjustments would need to be made. 

5.4 Preliminary contour row design recommendations 
The following steps are followed in the contour row design: 

1. The compressive strength of the rock is determined. It provides an upper limit for the borehole wall 
pressure.  

2. For the chosen perimeter hole diameter, borehole wall pressures are calculated using the  co-volume 
approach described in this paper for the candidate explosive products. The best product with respect to 
the pressure limit is selected. Alternatively, for a particular explosive product, one can select the 
required borehole diameter. 

3. The maximum borehole spacing is calculated using equation (28). This value is compared to the 
spacing determined by the buffer row design. If the latter value is greater than that determined from 
equation (28), design adjustments are made.  

6 Concluding remarks 
This paper has presented a gas pressure-based approach to drift round design. It is logical and easy to apply. 
The key to the practical application of this design approach is the ability to estimate the radius of damage 
surrounding fully-coupled buffer row blast holes.  The recommended approach is based on the early work of 
Ash (1963). Once the buffer row holes have been designed, the contour holes are placed to smooth the 
excavation surface. The contour row charge concentration is selected based upon keeping the borehole wall 
pressure at or below the compressive strength of the rock. Contour row hole spacing is based upon the 
guidelines provided by Sanden (1974) as well as practical considerations (removing the rock cusps left in the 
buffer row design). This damage radius approach may be applied both to the lifter row design and to the 
stoping hole design. The cut design is largely based on geometrical considerations and has not been 
addressed in this paper. 

Disclaimer 
The findings and conclusions in this paper are those of the authors and do not necessarily represent the views 
of the National Institute for Occupational Safety and Health.  
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Abstract 
In order to show a sharp picture of the impact of blasting on mining industry, to make blasting-related 
research more practically, and finally to improve mining production and corresponding economy, this paper 
on the basis of both theoretical descriptions and practical examples from mines investigates the effects of 
blasting on mining from four aspects: (1) economy, (2) productivity, (3) working safety, and (4) environment. 
Concerning these aspects, the following topics are stressed: (1) effects of blast plan such as detonator 
placement, stemming, delay timing etc. on ore recovery; (2) role of blasting in optimum fragmentation; (3) 
effects of blasting on ore extraction speed, mill throughput, eye-brow break and rock spalling in mining; (4) 
reduction of the ground vibrations caused by blasts.  

1 Introduction 
The most important goal of a mining company is to make as much money as possible under good working 
safety and without degrading environment. In metal mines, rock blasting is employed to break virgin ore 
mass into different sizes of fragments, and then crush and grind them to produce final products. However, 
how does blasting influence mining production and a company’s profits in detail? Does blasting affect 
working safety and environment? Is there any large space to improve the current blasting so as to achieve a 
great profit and better working safety? These questions are interesting for not only scientific world but also 
mining industry. 

Advances in theoretical studies, laboratory experiments and field tests on blasting have made it possible to 
discuss and even answer these questions. Therefore, this paper is to present the influences of blasting on 
mining industry from several aspects: ore recovery, energy consumption in comminution, working safety and 
ground vibrations. The paper tries to discuss these aspects on the basis of both theoretical background and 
practical examples, to display a huge economic potential only by improving blasting to the people in mining 
industry and introduce corresponding techniques to them, and to show scientists working for mining what are 
the important problems in mining production and where they should direct their theoretical studies.   

2 Economy 
The economy of a mining company depends first on ore extraction and recovery, second on productivity. In 
this chapter we mainly show how the detonator position, delay timing and stemming affect ore extraction and 
recovery, and how blasting influences total energy consumption and productivity.  

2.1 Ore extraction and recovery 

2.1.1 Detonator position 

2.1.1.1 Industrial examples 

A study on the effects of detonator position on ore recovery was carried out in Malmberget mine from year 
2003 to 2004 (Zhang, 2005). A total of 40 production rings with middle detonator position were blasted. At 
the same time a total of 210 normal rings with lowest detonator position were blasted. The results showed 
that the average ore extraction from 40 test rings was increased by 107.1%, compared with that from the 
normal rings. After that, the test method was extended to more drifts, and until year 2006 the production in 4 
drifts of a new sublevel JH437, where all of rings are with the middle detonator position, has been finished. 
The results for ore extraction and grade are shown in Fig.1 where JH390 is another sublevel. All of rings at 
JH390 are with the lowest detonator position. Figure 1 indicates that the ore extraction is increased by 50%, 
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12%, 57%, and 14% in the four drifts at JH437 respectively, compared with that at JH390. In addition, the 
grade extracted is between 50% and 61% that is much higher than the average grade 45% of the whole mine. 
This indicates a great economic potential for the mining company. Let’s make a rough calculation: the raw 
ore production of LKAB in year 2006 is 38.56 million tons with an average grade of 45%. If ore extraction is 
increased by 10%, we may obtain extra 3.856 million tons of raw ore yearly. Assuming the grade of the final 
products is 70% and the price of the final products (pallets and fines) is about 90 US$, the extra 3.856 
million tons of raw ore value 222.3 million US$. This is much money for any company, but note that the 
above calculation is only based on one change in blast plan: detonator position! Therefore the potential of 
improving the economy of a mining company by blasting is huge.   
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Figure 1 Ore extraction influenced by detonator position. The figures in the brackets show the 
quantity of rings included for each drift. 

2.1.1.2 Theoretical background 

The currently-accepted mechanism of rock blasting indicates that rock fragmentation and throwing results 
from stress waves and gas flowing. As a matter of fact, there is only one energy source for both stress waves 
and gas flowing: the extremely high pressure gases produced by the chemical reaction of the explosives,  
meaning that it is of most importance to keep as much energy as possible during whole blasting process. As 
analysed by Zhang (2005), the detonation of the whole blasthole with the lowest detonator position takes two 
times longer time than that with the middle position. During the detonation with the lowest position a portion 
of the energy will escape from the beginning to the end of detonation if without or with a little stemming, 
which is common in underground mining. This will definitely reduce the total energy carried by the stress 
waves and the gas flowing, and therefore result in a worse fragmentation and less ore extraction. On the 
contrary, as detonators are placed at the middle of the hole, there is no energy escape from the collar until all 
of explosive in the borehole is detonated. In other words, the energy utilisation in the latter case is much 
higher and therefore the fragmentation as well as extraction is better.  

2.1.2 Stemming  

2.1.2.1 Industrial examples  

Kojovic (2005) reported that the Red Dog mine had identified a benefit from stemming. Since the 
introduction of aggregate stemming the SAG (semi-autogenous grinding) feed size has had a 3% decrease in 
the F80 size and a 3% increase in the amount of <25 mm material. Apart from the increase in throughput, the 
other benefits are the marked reduction in throughput variability and in wear in the gyratory crusher.  
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2.1.2.2 Experimental and theoretical background  

The most important role of stemming is to keep high pressure gases within blastholes for longer periods of 
time and to reduce detonation energy wastage through borehole collars during detonation. Brinkmann (1990) 
showed that with no stemming, gases begin escaping from the hole collar following charge initiation, and the 
high speed gases carry away more than 50% of the energy provided by the explosive. However, stemming 
increases gas action on the burden rock. Dally et al. (1975) carried out an experimental study by using two 
models: one with the vented charge, the other with the contained charge. The former is like unstemmig, and 
the latter like full stemming. Their experimental results indicated that the contained charge increases (1) the 
amount of energy contained in the dilatational wave, (2) quantity of radial cracks, (3) crack velocities, and 
(4) length of cracks, compared with the vented charge.   
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Figure 2 Stemming, charge length and detonator position. (a) Open pit blasthole; (b) Sublevel 
caving blasthole.  

According to stress wave theory, the energy waste due to escaping depends on both stemming material 
properties and its length. First of all, we must assure there is no energy wastage before the detonation of total 
explosive is completed. In order to meet this goal, in case A where detonator is placed near the collar, as 
shown in Fig.2, the length noL  of stemming must be 

    
D
Lc

L chst
no 2
≥                                                                           (1) 

Where stc  is the P-wave velocity of stemming material, chL the charged length, and D the detonation 
velocity. In case B, case C and the case of that a detonator is placed between B and C, when the detonation 
of the whole explosive in the blasthole is completed, the front of the shock wave arrives at A, meaning that 
there is no detonation energy waste during the detonation process. However, when the detonation process is 
completed the detonation products—high pressure gases will not immediately end their loading to blasthole 
walls. Therefore, the gases should be continuously kept within the blasthole as a longer time as possible after 
the detonation is completed. In order to do so, a certain stemming in case B, case C and the case between B 
and C is necessary. But in these cases, the determination of stemming material and its length requires shock 
wave and stress wave information. Anyway, the above studies show that stemming is absolutely necessary in 
production blasts. 

2.1.3 Delay time  

2.1.3.1 Industrial examples  

By using electronic detonators with a short delay time in Chuquicamata mine, an optimum fragmentation 
was realised (Vanbrabant & Escobar, 2006). The reduction of the average size X50 due to electronic blasting 
was up to 45.6%, compared with the ordinary pyrotechnic blasting. Simultaneous initiation of two electronic 
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detonators placed in a single hole was used at Salvador mine and this resulted in a better economic benefit to 
the mine (Quezada, 2006). By making use of stress wave superposition due to simultaneous initiations in 
multi-holes, two hanging roofs in sublevel caving were successfully destroyed (Zhang & Naarttijärvi, 2006). 
In this way the ore loss caused by the old method for solving the roof problem may be avoided.  

2.1.3.2 Theoretical background  

There are three cases of delay times to be discussed: (1) delay time in a single blasthole with multi-detonator 
positions; (2) delay time between blast-holes; (3) delay time between rows or rings. In the case of a single 
hole blasting there are often two alternatives: one detonator position and multi-detonator positions. The one 
detonator position obviously does not deal with a delay time. In the case of multi-detonator positions used in 
some mines, two detonators are usually placed in a blasthole, one is at the bottom and the other near the 
collar. This is theoretically a bad design if both detonators have same delay time because the detonator 
position of the collar is harmful for not only fragmentation but also eye-brow or crest protection (Zhang, 
2005). If two or more detonators with same initiation are placed at proper positions but none at the collar, the 
collision of shock waves produced by the simultaneous detonation will happen and this will result in a much 
greater shock wave than that caused by a single position detonation (Cooper, 1996). In addition, a stress 
superposition due to the simultaneous multi-position detonation will occur in the rock mass. In the case of 
delay time between rows, Langefors & Kihlström (1967) established a simple relation between delay time 
and burden that showed the delay time is proportional to the width of burden. After that, the experimental 
tests by many scientists such as Stagg & Michael (1987) prolonged this time range. But still the studies on 
the delay time have been limited to empirical or half-empirical method.  

In the case of delay time between blast-holes, it is uncertain that there exists an optimum delay time for non-
electronic detonators since their initiation is often not accurate, meaning that one cannot assure a 
superposition of the stress waves from two adjacently-blasted holes. However, even though such a 
superposition with non-electronic detonators does not exist at all, a reasonable delay time should be chosen.  

The precise initiation and short delay time of electronic detonators make it possible that stress waves from 
adjacently detonated blastholes can be effectively superimposed if the delay time is reasonable short and 
therefore the energy utilisation during multi-hole blasting may be largely increased. Theoretically, there 
should exist an optimum delay time for each multi-hole blasting if the initiation is exact. Unfortunately, the 
fact of using electronic detonators is not always ideal as expected. In some mines, production tests did not 
show a marked improvement by using electronic detonators. The possible reasons for this may be the delay 
times are not short enough to produce effective wave superposition. The optimum delay time may in general 
be only within a few million seconds for current production blasts. In other words, after several million 
seconds of initiation for a blast hole, named the first hole, all of the stress waves, including their reflections 
and refractions, induced by the blasting of the first hole will go out of the rock mass surrounding the second 
hole that is to be initiated immediately after the first one. In this case stress wave superposition from both 
holes is almost impossible. To determine the optimum delay time, many considerations are necessary such as 
the propagation of P- and S-waves in the rock mass, Raleigh waves near the free faces, the reflections and 
refractions of the P- and S-waves in the surfaces, the interaction of the stress waves and the crack 
propagation. It is possible to do this by analytical method with a certain assumptions and simplifications, but 
a numerical study on this is necessary, too. 

2.2 Rock fragmentation and its optimisation 
Comminution costs represent an important contribution, 30-50% of total mining operation costs 
(Radziszewski, 2000). It has been well known that rock fragmentation by blasting influences down-stream 
operations such as crushing and grinding. Many studies have shown that both mechanical impact and 
blasting loading produce microcracks in rocks, and such cracks in fragments have a beneficial effect on 
grinding (e.g. Kojovic, 2005). Therefore, an optimum fragmentation from mine to mill is necessary. The 
optimum fragmentation should at least include (Zhang, 2005): (1) Most of fragments are small and loading 
can be carried out successfully. (2) The boulders are as fewer as possible. (3) The cost from blasting to 
grinding is a minimum. To reach the third goal, overall energy consumption should be kept to a minimum 
value, and it is necessary to re-distribute energy expenditure in unit operations by making full use of the 
difference in the energy utilisation of each operation. 
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2.2.1 Differences in energy utilisation  

In rock drilling it is estimated that only 10 % of the input energy is used to fracture rock (Carroll, 1985). In 
blasting, the energy used in rock fragmentation varies from 5% to 15% (Revnivtsev, 1988). In comminution, 
according to Prasher (1987) the energy utilisation in grinding is of the order of 3% at the maximum. Chi et 
al. (1996) stated that the energy introduced into comminution systems that actually results in the formation of 
a new fracture surface is usually less than 1%.  

2.2.2 Redistribution of energy consumption 
According to the above, it can be concluded that the energy utilisation in drilling/blasting is approximately 5-
15%, while that in crushing/grinding is about 1-3%. By means of this difference in energy utilisation, we can 
re-distribute the energy expenditure in drilling, blasting, crushing and grinding. Because the energy 
efficiency in grinding is the smallest compared with that in drilling and blasting, it is better to put less energy 
in grinding and more in drilling/blasting. Thus a better energy utilisation through drilling to grinding, and in 
turn a better economic result can be achieved. The following mathematical description can be used to explain 
the optimum size reduction. At first, we need define the parameters as follows: 

bη —energy utilisation in drilling and blasting in conventional production (5-15%), 

gη —energy utilisation in crushing and grinding in conventional production (1-3%), 

tcE —total energy consumption from drilling/blasting to crushing/grinding in conventional production, 

bcE —total energy consumption in drilling and blasting in conventional production, 

gcE —total energy consumption in crushing and grinding in conventional production, 

tuE —total energy utilised from drilling/blasting to crushing/grinding in conventional production. 

Then we can see that the total energy consumption in the whole size reduction system from drilling to 
grinding in conventional production is 

                                                                     tcgcbc EEE =+                                                                       (2) 

And the total energy utilised in the whole size reduction system from drilling/blasting to crushing/grinding in 
conventional production is equal to 

                                            tuggcbbc EEE =+ ηη                                                       (3) 

Now we make a change in energy distribution in the whole size reduction system as follows: increase energy 
consumption in drilling and blasting by an amount of Δ, and assume that we can reduce energy consumption 
in crushing and grinding by Δ. Thus the total energy consumption in the whole size reduction system will 
still be a constant, as shown in the following: 

                                       tcgcbcgcbc EEEEE =Δ−+Δ+=+ )()(                                         (4) 

At the same time, the total energy utilised in the whole size reduction system from drilling/blasting to 
crushing/grinding after the energy distribution change is as follows: 

                                           Δ−+=Δ−+Δ+ )()()( gbtuggcbbc EEE ηηηη                                                (5) 

Equation (5) clearly shows that there is additional energy up to an amount of Δ− )( gb ηη  is utilised in the 
whole size reduction system after the energy distribution change, even though the total energy consumption 

tcE is still constant. In other words, energy Δ− )( gb ηη can be saved if the energy distribution change is 

made. Note that )( gb ηη −  here is always larger than zero. 
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2.3 Cost of rock support 
Rock support for tunnels and drifts costs large amounts of money in underground mines, and blasting in drift 
and tunnel driving influences support cost. An advanced blast technique and a scientific blast design can 
greatly reduce support cost and improve drift and tunnel stability. For example, by using a correct 
decoupling charge in perimeter holes, a fine drift profile and a smaller disturbed zone can be achieved.  

2.4 Productivity 
Higher productivity due to better fragmentation can either reduce working forces and number of loading 
machines or increase production scale without increasing machines. This will be discussed later. 

3 Production and productivity 

3.1 Speed of ore extraction  
The increase in productivity can also result in extra profit. According to production records in Malmberget 
mine, extraction speed in the beginning of loading for each ring is much higher than in the later loading.  
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Figure 3 Extraction speed decreases with increased percentage of extracted ore. 

As shown in Fig.3, one machine can draw out more than 4000 ton ore per shift in the beginning, after then 
the extraction speed starts to decrease. The major reason is that in the beginning, the fragments are much 
finer since most of them come from the lower part of the ring where the powder factor is greater than the 
upper one. This means if fragments are much smaller, the extraction speed can be largely increased. For 
example, if the average loading speed of each machine is increased from 2000 ton to 4000 ton per shift, 
production can be double without increase in the quantity of loading machines. In some special conditions 
such as existence of much waste rock in a ring, however, the loading speed is not high even in the beginning 
of loading, as shown by small squires in Fig.3. This is because probably the fragmentation in the mixture of 
waste rock and ore mass is not as good as in pure ore mass. Open pit mining showed a similar result (Orlandi 
& McKenzie, 2006): good fragmentation leads to reduced bucket-fill times, increased bucket-fill factors, and 
reduced shovel and truck maintenance costs. 

3.2 Mill throughput 
Mill throughput can increase as fragmentation is improved. Bergman (2005) investigated the effect of 
fragmentation on the throughput in the primary grinding at Aitik open pit mine. A total of five trial blasts 
were carried out with higher powder factor than standard blasts. The average increase in throughput for the 
five blasts was 8%. As mentioned previously, Kojovic (2005) reported that the SAG mill throughput in the 
Red Dog mine was increased by around 4% due to better fragmentation. 
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4 Working safety 

4.1 Disturbed zone around a tunnel or drift  
It has been well known that an excavation disturbed zone is always formed surrounding a tunnel or drift. 
Such a disturbed zone is one of reasons for rock falling in drifts. Ouchterlony et al. (1997) took some 
necessary factors, such as decoupling, rock properties, borehole diameter, density, detonation speed and 
explosion energy of explosives etc. into consideration and developed the following equation to predict the 
length coR of radial cracks behind the half-casts after zero-delay initiation of dry perimeter holes: 

                                                         ]1)/(3/[2
,

25.0

)/(5.0 −= cD
crackhhhco ppR φ                                                   (6) 

Here crackhp ,  is the borehole pressure that is demanded for creating cracks, and hp borehole pressure, 

depending on detonation velocity, explosive energy, decoupling etc. hφ is borehole diameter, and c is P-wave 
velocity in rock. To take more factors such as water in borehole, borehole pattern, type of initiation and rock 
mass properties into consideration, Olsson and Ouchterlony (2003) developed a new formula to predict the 
crack length on the basis of Eq.(6). According to Olsson & Ouchterlony (2003), the test results with both 
single and multi-hole blasts have shown that the crack length increases with increasing decoupling ratio. A 
test was done with φ22 mm Gurit charged in φ24 mm holes with a decoupling ratio of 0.92, i.e. almost fully 
coupled. The result shows that a substantial number of long cracks are produced and the longest crack is 0.9 
m. In another test φ22 mm Gurit was charged in φ64 mm holes with the same pattern as above. Decoupling 
ratio is 0.34 and the longest crack is 0.3 m. Equation (6) is useful for improving tunnel and drift quality. 
Also, it can be used to estimate the sizes of fragmentation region of a blasthole in studying and determining 
spacing, burden and optimum delay time between holes. 

4.2 Back break  
A study by Zhang (2005) shows that detonator position greatly influences the eye-brow break, and if only 
one detonator position is employed in each borehole the middle position is the best choice for eye-brow 
protection, as shown in Fig.4b, compared with other positions such as the collar position shown in Fig.4a. In 
the case where eye-brow break is too much, chargers in the field face a risk of rock fall when they must stand 
and work under the eye-brow, as shown in Fig.4a. Eye-brow break can also be reduced by other techniques 
such as decoupling charge. 

4.3 Rock spalling  
Influence of blasting on the stability of a drift is seldom discussed on a publication. However, in many cases, 
rock spalling and rock fall are caused by blasting. Fig.5 shows that the rock pieces on the floor come from 
the drift roofs. In case (a), rock fall comes from the roof and it destroys the ventilation pipe. Case (b) shows a 
few places of rock spalling. Case (c) indicates spalling induced by tensile stress waves in and near the eye-
brow. For a comparison, Fig.5d shows a drift top close to the eye-brow, indicating that there is no spalling at 
the drift top and the eye-brow well remains. For the rock fall and spalling shown in Fig.5, a theoretical 
explanation can be made: Let us take an example from Malmberget mine. As a monitor was located at a drift, 
the measured vertical peak particle velocity υ  is 270 mm/s when a production ring was blasted at another 
drift. The distance between the monitor and the ring is 46 m, and the media between them is firm ore mass. 
Using one dimensional stress wave theory, we may estimate the maximum tensile stress maxtσ produced in 
the drift roof MPact 48.6max == υρσ . Where ρ  is the density of the ore mass and it is equal to 

33 /108.4 mkg× for the ore in the mine, and c is the P-wave velocity of the ore mass with a value of around 
5000 m/s. This stress value is less than the dynamic tensile strength of the ore. However, considering the 
attenuation as the distance between the ring and the monitor is shorter than 46 m, i.e. near the ring, the stress 
induced by blasting may be markedly greater than 6.48 MPa and reach the dynamic tensile strength. Finally, 
this will result in rock spalling and rock fall in some areas.  
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(a) (b)  

Figure 4 Detonator position and eye-brow break. (a) Detonators near the collars; (b) Detonators 
at the middle of charged holes. 

(a) (b)

(c) (d)  

Figure 5 Rock fall and spalling in the field. (a) Rock fall from drift roof. (b) Rock spalling from 
drift roof. (c) Rock spalling near the eye-brow. (d) No spalling at the drift top and no 
marked break at the eye-brow.  

4.4 Roof problem 

A remained roof may become a potential risk for the people in charging and loading. As we know, a 
remained roof makes the ore in a ring to be blasted bear three-direction loading rather than two-direction 
loading. In other words, roof remaining will increase confinement to the ore. Therefore, if one wants to break 
down a remained roof, additional detonation energy is required since rock strengths usually increase with 
increasing confinement. A new method for breaking down a remained roof is introduced by Zhang (2006). In 
two blastholes of the ring, a number of detonators are placed at different locations, and they are initiated 
simultaneously at several locations. This makes the stresses in the region between the two holes overlapped 
or increased by times, compared with that when only one detonator is placed in a blasthole. This method has 
been used for three times including two times presented by Zhang and Naarttijärvi (2006) in Malmberget 
mine. The result shows the method is successful in all three cases.  



 

 679

5 Environment 

5.1 Ground vibrations  
Here we only want to briefly introduce the vibration work done in Malmberget town. From year 2000 to 
2003 the ground vibrations in the town had reached a high level up to 19 mm/s. Then a series of production 
tests aimed to reduce the vibrations had been tried in the mine and the maximum vibrations had been 
reduced. These tests included three methods that were reported by Zhang & Naarttijärvi (2005). Since the 
spring of 2004 the reduction of the ground vibrations have only been done by the method of changing 
initiation sequence in ring blasts, and this method has been efficiently working up to now. The vibration 
records from the monitors at the town from year 2000 to 2006 are shown in Fig.6, indicating that the 
vibrations have been markedly reduced since year 2004.  

The method of changing initiation sequence is based on 1-D elastic stress wave theory as described by Zhang 
& Naarttijärvi (2005). A detailed description on the method can be seen in Zhang & Naarttijärvi (2005). In 
addition to the surface ground vibrations caused by blasting, we also need pay attention to the blasting-
induced vibrations in the underground structures. 

Vibrations measured at malmberget (2000-2006)
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Figure 6 Ground vibrations measured at Malmberget town from year 2000 to 2006. 

5.2 Underground water pollution 
Underground water can be polluted at or near an underground mine. The major reason is that the explosive in 
a blast hole is not completely detonated due to wrong detonator position, too small spacing with a long delay 
time, failed connection between detonation cables and detonators, bad explosive and other reasons such as 
leakage of explosives during and after charging. The undetonated explosives will go into underground water 
system and make it polluted. To solve this problem, the most important is to try to make all of blast holes 
successfully detonated. At the same time, the leakage of explosives during and after charging should be 
avoided or at least reduced to a minimum.  

6 Discussions 
In addition to detonator position, stemming and delay time, many other blasting parameters such as burden, 
spacing, powder factor etc. affect fragmentation, ore recovery, ground vibrations and so on. Up to now 
burden, spacing and powder factor are mainly determined by means of empirical methods or half-empirical 
theories, meaning that in present production blasts these parameters are probably not optimum. For 
production blasting in underground mining such as sublevel caving, how to create a free face and an empty 
space for the first row blasting is a key operation that determines whether a production blast will be 
successful or not. If not successful, the roof problem discussed above may occur and much ore will be left 
and lost. To be successful, it is necessary to make full use of stress wave theory to improve the current 
methods or create new ones.  
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7 Conclusions 
A mining company’s economy can be remarkably improved through scientifically choosing blast parameters 
such as detonator position, stemming etc. since there are still many problems in current production blasting.  

Optimum rock fragmentation from mine to mill may be realised nowadays under a certain conditions. First, 
electronic detonators should be used to assure an effective stress superposition from neighbouring holes. 
Second, a redistribution of the energy consumption from drilling/blasting to crushing and grinding should be 
included to reduce total energy consumption. Third, blasting parameters should be chosen theoretically by 
using detonation, stress wave and other relevant theories. 

Many safety problems in underground mining are caused by rock blasting such as hanging roof, rock spalling 
and rock fall from the roofs of production drifts. To solve these problems, the stress wave propagation in a 
drift and the dynamic fracture characteristics of the rock must be considered.  

Ground vibrations can be largely reduced by changing initiation sequence in a ring blast or other multi-hole 
blasts in engineering. This method does not need additional cost and it is easy-doing in operation.  
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Abstract 
Sub-level caving (SLC) is an important mass mining method, used at LKAB e.g. The caved rock or debris at 
the SLC interface reduces the fragmentation and the swelling of the blasted ring and it dissipates the 
explosive energy. These phenomena may immobilize the blasted ring, causing ore losses. Model scale 
blasting is being made to clarify them in an ongoing PhD project at Luleå University of Technology. To 
minimize geometrical and geological effects, tests were conducted on Ø140 mm cylinders of magnetic 
mortar, which fractures like magnetite but is a less variable material. The cylinders were placed inside a 
Ø300 mm steel cylinder and confined by packed aggregate. PETN cord with different strengths in a center 
hole gave a specific charge between 0,2 and 2,6 kg/m3. The magnetic mortar and the non-magnetic 
aggregate allow for post-blast magnetic separation. The setup provides extremely repeatable results. The 
fragmentation of the blasted mortar and the aggregate plus the swelling of the confined mortar cylinders 
have been measured. Free mortar cylinders were used as a reference. All sieving curves follow the Swebrec 
distribution quite well. For the swelling a freezing-slicing method was developed. Hereby the cylinders could 
be sliced perpendicular to the charged hole and then photographed to measure the radial expansion at 
different heights.  

This paper describes and discusses how fragmentation and compaction, the reverse of swelling, depend on 
the specific charge for different types of debris confinement. Three different types of debris have been tested 
so far and for one of them a confining pressure of 0,42-0,86 MPa was induced by a slotting and bolting of 
the steel cylinder. The results show both that the passive confinement makes the fragmentation considerably 
coarser than from free cylinders and that the properties of the debris have a strong influence on both 
fragmentation and swelling. The effect of the confining pressure was relatively small however. 

1 Introduction 
Sub-level caving (SLC) is a mass mining method, which was pioneered at LKAB in north Sweden (Janelid 
& Kvapil 1966). This mining method involves blasting under confined conditions. What can be expected is 
that the debris in front of the blast ring acts as a wave trap i.e. all energy from the blast holes will not be 
reflected back as a tension wave, some will be transmitted out in the debris. This wave trap is influencing 
two of the most important factors that will affect the flow, fragmentation and sufficient swell. The swell can 
also be considered as the compaction of the debris i.e. the swell of the blasted ore is the reverse of the 
compaction of the debris. In this paper the results will be expressed as compaction. Investigations at the 
Ridgeway mine (Power 2004a-b) have given a model of the post blast situation. It shows fingers of mobile 
material surrounding the blast holes but a large part of the ring remains immobilized during draw. 
Unfortunately there are many competing and conflicting models for how SLC blasting and the ensuing flow 
of broken ore and caved waste rock work, see e.g. Gustafsson (1998). Therefore there is a need for work that 
investigates the mechanisms of SLC blasting and flow. 
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2 Small scale testing 
Confined blasting is difficult to study in large scale; therefore a small scale test-set up was used. It was 
consequently possible to investigate many influencing factors on both fragmentation and compaction. Earlier 
findings have shown that small scale tests in many ways are comparable with large scale tests (Ouchterlony 
& Moser 2006).  

2.1 Test set-up 
The set-up was to use cylinders of size Ø140×280 mm with a centered hole for the explosive. By using 
cylindrical specimen for the tests, the geometry as an influencing factor could be minimized. Both free face 
and confined shots were undertaken, this to see how the confined environment influenced the fragmentation 
(Moser 2005). Magnetite as a testing material is not suitable for small scale testing in a confined 
environment, due to its variable properties (Johansson et al. 2007a-b). A model material made of mortar 
mixed with magnetite fines showed a good repeatability between different batches, as the standard deviation 
of x50 for the free face shots was less than 1 mm. One or two reference shot were always used to compare 
different batches. Since already very small deviations in a small scale can affect the result in large scale, it 
was of importance that the not tested parameters (VOD, density, size distributions of the debris etc) were 
held as constant as possible. To simulate the confined environment, the cylinders were surrounded by a steel 
cylinder with an inner diameter of 309 mm and debris with different properties was packed in the annulus 
between the two cylinders. The rock type of the debris was crushed granite to begin with.  

 
Figure 1 Test set-up for confined shots  

PETN cords with varying strengths were used as explosives. This explosive source gave the opportunity to 
vary the specific charge with six different strengths and since it is an ideal explosive, the VOD could be kept 
with small deviations. The coupling ratio was held relatively constant by casting different diameters of blast 
holes. In large scale operations as at LKAB, the specific charge amounts to 1,3 kg/m3. This specific charge 
could be compared with our tests with PETN of 20g/m (Braithwaite). In Table 1 the different specific 
charges can be seen. 

Table 1 Varying PETN strengths with referring specific charges  

Strength, g/m 1,5 3 5 10 20 40 
Specific charge, kg/m3 0,10 0,20 0,33 0,65 1,30 2,60 

The properties of the debris were in focus for the fragmentation and compaction results. For large scale 
operations, there were some identified factors of interest to investigate further. In Table 2, they are presented 
and they have been investigated by the authors with this small scale set-up. The size distribution and degree 
of packing may be seen as coupled factors, since the degree of packing is heavily influenced by the size 
distribution of the debris. To vary these factors, tests were made both by packing the material down to a 
minimum porosity and by only pouring it in the annular space. The influence of the density of the debris was 
tested by inverting the conditions i.e. blasting non-magnetic material against debris of crushed magnetite. 
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Table 2 Identified factors to be evaluated 

No Factor 
1 Size distribution of the debris 
2 Thickness of the layer of the debris 
3 Degree of packing, both due to previous blasts and from debris above 
4 Differences in density between ore and debris 

To determine the compaction of the debris, a special freezing technique was developed. The blast tests were 
then made in plastic tubes instead of in steel tubing and after the blast the tubes were sealed, filled with water 
and frozen by placing the assembly in a cold storage room. After getting them completely deep frozen, the 
assemblies were sawn in circular slices with a thickness of about 40 mm. These slices were then 
photographed and their diameter measured along three equally spaced lines A-A to C-C. The swelling or 
compaction was defined as the average diametral increase. 

 
 

 

 

 

 

 

Figure 2 Principle of compaction measurements 

2.2 Previous selected tests 
Two different kind of debris have been tested and analysed. The first size distribution of the debris was 
selected to follow the Swebrec function with parameters x50 = 8 mm, xmax = 16 mm and b = 2,1 (Ouchterlony 
2005a-b). This distribution was scaled down from an estimated debris x50 = 250 mm for the large scale SLC 
operations at LKAB. The specimen with aggregate and steel tubing was placed on a piece of chipboard, in 
order to keep the debris in place and thereafter manually tamped. The second debris that was tested was 
following the same size distribution as earlier, but was mixed with 10 % of Plaster of Paris. This was to 
simulate stiffer debris with lower porosity. The results clearly showed that the confinement affected the 
fragmentation significantly to a coarser distribution compared with free face (Johansson et al 2007 a-b). The 
limitation of the model itself was clearly shown for the lower specific charges q, where the differences 
between confined and unconfined conditions were small. This can be explained by that the value was close 
to the thresholds of cracking for the specimen, which resulted in the cylinders only splitting in four equal 
pieces.  

Curve fits for x50 vs q for the three different conditions and higher specific charges gave the results: 

          0,8450 q
18,5

(mm)x =  for free face shots        (1) 

          0,7550 q
36,8

(mm)x =  for debris #1         (2)  

            0,7650 q
52,4

(mm)x =    for debris #2    (3) 
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Where 

50x  =  average size in mm 

  q  = specific charge in kg/m3 

The slopes of the curves are fully comparable and the influence of the confinement on x50 is an increase of 
the average sizes of over 100%. Earlier tests indicates the same slope angle as these.(Cunningham). 

3 Tests  

3.1 Fragmentation  

3.1.1 Effect of decreased porosity (debris #3) 

The objective was to find the maximum degree of packing that would be possible to manually tamp. This 
distribution has been selected after a series of tests of different compositions, since the maximum is difficult 
find without testing. The best natural material that has a very high degree of packing is moraine. All 
sampling and testing tried to simulate the distribution of moraine. The important property of moraine is that 
it has got a well graded size distribution with a fine soil content of about 30-40%. To investigate further how 
different properties of the confinement affects the fragmentation and swelling/compaction, a more compact 
0-16 mm size distribution than debris #1 has been tested. It was designed with a finer average size, x50 = 4 
mm. The test set-up was the same as earlier described. The new composition resulted in a higher degree of 
packing, on an average around 77-80% and compared with the earlier tests where it was around 64%.  

A lid of fibre board was also introduced in the test set-up. This to minimize the cratering effects  at the top. 
The effect of how the porosity of the debris influences the measured average fragment sizes can be seen in 
Figure 3. The previously tested debris #1 has an average porosity of about 36%, the new debris #3 a porosity 
of about 20%. What must be taken in consideration is that the boundaries are not completely the same for the 
two cases; the lid was not used for the tests with a lower porosity. Tests have shown that these differences do 
not influence the fragmentation, only the crater effects. The trend is that the average fragment size increases 
between 12-36% depending on the specific charge used. The average difference is 16% as indicated by the 
curves in Figure 3 

. 
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Debris # 1, porosity 36%
Debris # 3, porosity 20%

 

Figure 3 x50 versus q and debris porosity 
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3.1.2 Effect of induced confining stress 

As the mining increases in depth, the SLC blast rings will be more exposed to a higher confining pressure 
from the debris. Therefore a special test cylinder has been constructed to create the surrounding pressure on 
the aggregate and hence the specimen. The diameter was 309 mm in its initial state and had been cut in 3 
equal parts along its axis. Along these slots or joints, steel L-profiles have been welded on, each equipped 
with bolts. By tightening the bolts and thus decreasing the effective diameter of the slotted steel cylinder, a 
confining pressure on the specimen was established. The steel cylinder was also fixed on a plywood board 
with two bolts and had an underlying steel plate like in earlier campaigns. At the top the debris was sealed 
off by a steel lid and cottering. The test set-up is shown in Figure 4. 

 

Figure 4 Test set-up for induced confining stresses 

The fixation at the top and bottom is made to prevent axial movement of the debris and loss of pressure 
during the tightening of the bolts. It also makes the set-up more robust during blasting and prevents the 
cylinder from toppling. The stresses were measured by using overcoring equipment and for the selected 
tightening torques of 15 Nm and 30 Nm, the confining stresses were found to be 0,42 ± 0,04 MPa and 0,86± 
0,05 MPa respectively. This was the highest stress that could be induced without any risks of failures in the 
cylinder. 

1 20.80.60.4

q [ kg/ m3 ]
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 ]

Debris # 1 ( 0 MPa, 36 % porosity )
Debris # 1 (0.42 MPa, 32 % porosity)
Debris # 1 (0.86 MPa, 32 % porosity)

 

Figure 5 X50 versus q and induced stress 

There is a clear increase of x50 when a confining pressure is applied, except for the highest specific charge. 
The porosity decreased for both stress levels to 33-32% from the initial 36% at the zero stress level. A clear 
difference in porosity depending on stress level 0,5 or 1 could not be found. For these two stress levels a 
skeleton of debris contacts must have been established which overcame the increase of confining pressure.  
The crushing of the debris varies depending on how this skeleton has been built up and no conclusions can 
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presently be drawn on how much crushing that has been caused by the increase of confining pressure or from 
the blast.  

The x50 with induced stresses can be expressed after curve fitting as: 

0,7750 q
41

(mm)x =  for the lower stress level for q>0.6 kg/m3  (4) 

0,8850 q
43

(mm)x =  for the higher stress level for q>0.6 kg/m3 (5) 

The slope angle increases with increasing stress. This behavior is highly dependent on the data obtained for 
the highest specific charge. As can be seen in Table 3, the fragmentation at this level is quite independent on 
the induced stress level. This may be a limitation of the model, but if this charge level would be excluded the 
trend would indicate a bilinear stiffening of the debris, which results in coarser fragmentation. This 
phenomenon with variations in fragmentation has been seen at these charge levels, but has then been re-
tested and adjusted with the variations between the samples. Another possible explanation of this behavior 
could be that the boundary condition is not exactly the same; for induced stresses a steel lid was used and for 
the comparing fragmentation data, the lid was not included. 

Table 3 Numerical values for x50 [mm] for confined shots at different stress levels 

Specific charge q 

kg/m3 

Stress level  

 0  MPa 

Stress level   

0.42  MPa 

Stress level           

0.86  MPa 

0.33 61.6 72.1 76.4 
0.65 48.1 55.0 60.4 
1.3 31.8 36.2 38.0 
2.6 16.9 18.2 17.4 

Fragmentation is one way to describe and show differences between the tests. We can also visually describe 
differences that we have seen. The cylinders with the induced confining pressures are much less fractured 
after testing and comparable results have only been seen by the investigators at much lower charge 
concentrations and/or with Plaster of Paris mixed in the debris (debris #2). For debris#1 & 2 without induced 
stresses the same behaviour occurs at a much lower specific charge (1.5 g/m). 
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3.2 Compaction 

3.2.1 Effect of decreased porosity (debris#3) 
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Porosity 36 %, q=1.3 kg/m3

 

Figure 6 Compaction versus porosity and q 

A stable compaction of the debris is the expected result. However, if it is compared with earlier tests with 
debris #1, which had a porosity of 36%, the compaction is almost the same for the lower charge 
concentrations. This compaction data can be seen in Table 4, which contains two compaction values, the 
average and the value nearest to the midsection. When the average compaction is larger than the compaction 
in the midsection, cratering effects are present. 

Table 4 Compaction data for different porosities and q 

Specific charge, q 

[kg/m3] 

Porosity 

% 

Average  debris compaction 

% 

Compaction at midsection 

(i.e. H=140mm)  % 

0.33 20 2.1 2.5 
0.33 36 2.7 3.2 
0.65 20 3.2 3.6 
0.65 36 5.4 6.4 
1.3 20 5.9 6.2 
1.3 36 8.9 7.3 
2.6 20 7.2 7.5 
2.6 36 11.6 10.6 

As earlier described, confined blasting results in energy losses which decreases the fragmentation and 
movement of the blasted material. To investigate this further, a number of tests were made with 
accelerometers. This would give a good estimate of what velocities the face of the cylinder would reach 
depending on specific charge and properties of the debris. Two accelerometers were placed in the mid-
sections of the two cylinders, one in the mortar and the second on the steel cylinder. By integrating the 
acceleration in the mortar cylinder, the face velocity could be calculated. The second accelerometer was used 
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to investigate the velocity of propagation in the debris. This is of great interest when investigating the 
impedance relationships i.e. to get a first estimate of the energy losses.  

The principle can be seen in Figure 7 with all inputs and output that have been focused on. This is a two-
dimensional picture showing a plane from the blast hole to the steel cylinder. There are more factors that are 
involved, but the major factors of interest have been identified. The objective for this analysis is to establish 
a link between confinement properties and energy losses in the debris. This relationships can be evaluated by 
focusing on the impedance, i.e. to calculate how much of the energy that goes back in the reflecting wave 
and not being transmitted to the debris. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Principle of the accelerometer measurements 

In Table 5 the results can be seen. Up denotes the particle velocity of the specimen debris interface and % 
compaction is calculated in relation to annulus width. There exists a clear relationship between the 
compaction and charge strength. The decrease in porosity results in a slight increase of compaction, from 6,2 
to 7,3%.  The measured signals are difficult to evaluate though, since they show two interface velocities that 
differ substantially depending on the initial porosity of the debris. The authors suggest that the initial velocity 
be the most accurate to use for physical relationships, because the boundary conditions for the two different 
porosities where not exactly the same. The test with the lower porosity did not have a lid to confine the 
material further. By using the initial velocity as a factor, the dependency on porosity is not clear. An increase 
of porosity of 16% increases the initial velocity with 3,6 m/s and this indicates that there is a non-linear 
behaviour of the debris, when the compaction is introduced as a factor. 

Table 5 Output from acceleration measurements with corresponding q and compaction values.  

Nr Specific 
charge 

Upinitial  
m/s 

Upmax  
m/s 

Debris 
porosity % 

Debris 
compaction mm 

Debris 
compaction  %

1 1.3 kg/m3 25.6 35.0 36 5.7 7.3 
2 0.3 kg/m3 8.1 8.0 20 2 2.5 
3 0.65 kg/m3 12.0 14.0 20 2.8 3.6 
4 1.3 kg/m3 22.0 23.0 20 5 6.2 

 

Up m/s 

Compaction

Energy 
losses 

Vp1, ρcyl Vp2, ρdebris, Porosity, E, X50, 

q,  

VOD 
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4 Discussion and conclusions 
At this date, more than 130 shots have been made and analyzed. It has been clearly shown that the test set-up 
is reproducible and robust. The small scale tests are a first step to bring further understanding to confined 
blasting as in sub-level caving. By using this simple set-up with magnetic mortar, many variables can be 
investigated in detail. The slope of x50 versus q are all in the same region from-0,74 to -0,88 for all confined 
shots, when excluding the lower specific charges. These specific charges are not of interest for large scale 
operations though. The set up used makes it possible to measure the influence of different properties of the 
debris on the fragmentation and on the swelling/compaction with good accuracy. As discussed, there are still 
boundary effects to take in consideration. 

In addition to earlier tests results reported (Johansson et al 2007 a-b) the following conclusions can be 
drawn: 
  

• The induced stresses change the shapes of the fragments, the cracking becomes distinctly more 
radial. This is an observation that has to be taken in to account in gravity flow models. 

• The porosity is stable at both tested stress levels i.e. a skeleton of debris has been built up just after 
the minor stress level. 

• At an average, a decrease of the porosity by 16% gives a 16% increase on x50. 
• Induced confining stress do influence the fragmentation somewhat in terms of average sizes.  
• The average fragment size x50 for confined specimens is less sensitive to changes in specific charge 

than are x50 values from free specimens. This may be explained by the aggregate getting 
progressively stiffer as the charge concentration and swelling increases. This conclusion could be 
drawn if the maximum specific charge were 1.3 kg/m3 in model scale. 

• In all cases where the magnetite and magnetic mortar specimens broke up into fragments, the basic 
Swebrec function describes the fragmentation obtained quite well in the size range 0,25 mm and up. 

• Acceleration measurements at the interface between the specimen and the debris give good results in 
terms of measuring the velocity. The initial face velocity is between 8-25 m/s depending on specific 
charge and porosity. 

Another observation that is needed to be made is that these results do not directly reflect large scale 
operations, both in geometry and scaling effects of the strength of the debris. A dimensional analysis has 
been made and it indicates that the most suitable region of the debris strength should be around 40-50 MPa, 
which is much lower than for a granite with a UCS of 200 MPa. Therefore a series of non-magnetic mortar 
specimens have been poured, cured, crushed and sieved to create a weaker debris with the same size 
distribution as debris #1. These tests will be analyzed and give a more scalable results for large scale 
operations. The tests with granite debris are still of great importance, they will clearly function as a good 
reference, when analyzing the physical aspects of the phenomenon.  

We believe that all conclusions from these small scale testing will be a good guidance and reliable input for 
validating computer models as HSBM (Hybrid Stress Blast Management). This will also be made and if the 
validation works fully comparable results, then the future steps will be to model full scale SLC rings. 
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Abstract 
The objective of this investigation constitutes a detailed study of the fragmentation characteristics for blasted 
magnetite ore from a specific ring in the sublevel caving (SLC) mine in Kiruna. 

For comparison lab scale data from crushing and grinding as well as blasting plus historical full-scale data 
from the mine were analysed. The present data confirms that the material basically follows the “Natural 
Breakage Characteristics” criteria within the fines region. The complete fragmentation distributions yield an 
extremely large variation for the parameter x50. The shapes of the complete sieving curves do not entirely fit 
the Swebrec function since they are flatter, roughly over the range 25-75 mm. The relative flattening of the 
sieving curves may be due to “selective” breakage in the mid-range, which would increase the amount of 
fines. This resembles the behaviour in autogenous grinding, i.e. the self-breakage of large fragments creates 
pebbles that grind the mid-fractions to fine, and also an effect attributable to secondary fragmentation in 
block caving.  

Several different mechanisms are conceivable to account for an altered fragmentation mechanism. From the 
present large SLC layout one could expect more comminution occurring in the debris flow, due to longer 
flow paths. On the other hand, the present samples were taken before 10 % draw, which speaks in favour of 
relatively short paths, unless the draw has been extremely uneven. Despite this flattening deviation from 
Swebrec distribution behaviour – which is likely to be caused by the internal flow mechanisms in the SLC 
process – the main conclusion is still that magnetite itself behaves like waste rock from a blasting point of 
view. 

1 Research objective 
The heart of the sublevel caving (SLC) process at LKAB consists of three steps a) blast function of caving 
rounds, b) fragmentation of caving panels and c) caving flow. For the ore recovery to be as high as possible 
and for the waste rock inflow to be as low as possible all three steps have to work as planned. 

Fragmentation can be regarded as key element with its direct influence on the gravity flow and productivity. 
Quantitative assessment of the fragmentation of blasted rock at a larger scale is a difficult task. Next to 
screening there is still no known reliable method of assessing fragmentation quantitatively in a production 
environment. In addition, obtaining a representative sampling constitutes a major problem. 

The objective of this investigation is to find out whether the Kiruna magnetite behaves like waste rock from 
a blasting point of view. In order to do this the fragmentation characteristics for blasted magnetite ore from 
the SLC operation in Kiruna have been studied in full-scale (Wimmer et al., 2008). 

Indications have existed that the magnetite could obey diverse fragmentation characteristics. Previous blast 
damage investigations had e.g. shown that the cracking behind half-casts from perimeter blasting in drifts in 
magnetite looked quite different from that behind half-casts in waste rock (Nyberg et al., 2000). In waste 
rock the crack pattern is mainly radial, with many short crushing cracks at the borehole and a smaller number 
of long distinct cracks. In ore the crack pattern is more diffuse, more like a spider’s web. Such a web would 
probably occur if the magnetite showed plastic behaviour. There have been other circumstances in Kiruna 
too where the ore has been thought of as showing plastic deformation behaviour rather than brittle behaviour. 
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The results are further compared with the “Natural Breakage Characteristics” properties (NBC; Steiner, 1991 
& 1998; Rohrmoser et al., 2007) and fragmentation results from model-scale blasts (Johansson et al., 2007a-
b). The study presented herein is part of an ongoing PhD project entitled “Improved breakage and flow in 
sublevel caving” undertaken by the principal author and financed by the Hjalmar Lundbohm Reserch Centre. 

2 NBC approach and model scale blasts 
The NBC approach is based on the concept that a fragmented material exhibits a specific “Natural Breakage 
Characteristic” (Steiner, 1991 & 1998). The concept originates from mechanical comminution studies and 
can be summarized as follows (Ouchterlony, 2004). 

1. When rock particles are broken in the steps or sub-circuits of an “Optimum Comminution Sequence” 
(OCS) in the laboratory, the resulting fragmentation curve is the steepest possible. Both the 
comminution sequence and the ancillary conditions guarantee for the OCS a machinery non-specific 
fragmentation with focus on the actual material characteristics. 

2. When the product stream of each sub-circuit is classified, the resulting log-log fragmentation curves 
are shifted parallel vertically upward as the comminution progresses. 

3. When the specific surface As (m2/kg) created by an OCS is plotted versus the energy consumed Es 
(J/kg), the points fall more or less on a straight line. This line is termed the energy register function 
of the material. It is material specific and its slope equals the Rittinger coefficient R (m2/J). 

4. All technical, i.e. non-optimal, comminution processes produce points As that for a given Es-value 
fall below the energy register line because they are less energy efficient.  

Moser et al. (2000 & 2003) have shown that the NBC approach may be applied to the blasting of model 
cylinders and that full scale blasts in the same rock type give similar results.  

The OCS built up to analyse the breakage behaviour of Kiruna magnetite is similar to that used within the 
Less Fines Project (Moser, 2005) but differs in the size reduction ratios (Rohrmoser et al., 2007). The 
sequence, designed on a succession of numerous comminution stages in closed circuits with pre-screening 
and the setting of each apparatus, guarantees a small size reduction ratio. The circuit design in the laboratory 
is simulated by cyclic comminution tests at a high circulating load (minimum 100 %).  

To determine the NBC of Kiruna magnetite, samples in form of drill cores with Ø 140 mm were taken from 
two different mine sites at level 878, block 28, drift o287 (termed M3) and block 16, drift o148 (termed M4). 
The samples are residues from a previous small-scale blasting campaign (Johansson et al., 2007a-b). The 
latter tests comprised the blasting of magnetite cylinders of size Ø 140x280 mm with PETN cord as 
explosive in a centre hole resulting in a specific charge of 1.3 kg/m3. To better understand the mechanisms of 
rock breakage and fragmentation under confined conditions some of the cylinders have been blasted under 
debris confinement within in a steel cylinder of size Ø 309 mm. 

Fragmentation curves derived within the respective mechanical comminution stages are compared to those 
derived from model-scale blasts in Figures 1 and 2. The first three mechanical fragmentation steps (streams 
1, 4 and 7) refer to a jaw crusher whereas the subsequent two steps refer to a rod mill (streams 10 and 13). 
The form of the curves is in reasonable agreement for crushing, grinding and blasting of magnetite in model 
scale, whereas the agreement for the magnetite quality M4 is exceptionally high. This indicates that the 
magnetite reacts to blasting like typical waste rock.  

Differences especially in the blasting results for the M3 quality might be related to internal variations of 
material properties. With respect to the shape of the curves it is noticeable that the M3 ore type has generally 
a more pronounced inflection point at the downwards slope. Differentiating the curves mathematically shows 
that the minima for the M3 quality are compared with the M4 type slightly at smaller mesh sizes (0.5 and 0.7 
mm, respectively) which indicates a finer grain assembly. A distinct tendency regarding the position of the 
minima depending on the method of comminution (mechanically or blasting in confined/un-confined 
situation) is - from the available number of tests - not directly inferable. 
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Figure 1 Fragment size distribution for NBC tests and model-scale blasts, M3 ore type 
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Figure 2 Fragment size distribution for NBC tests and model-scale blasts, M4 ore type 

Plotting the energy register curves for the two different magnetite samples, see Figure 3, yields a significant 
difference with respect to the breakage behaviour. The harder to blast M3 quality has a smaller Rittinger 
coefficient, 30 cm2/J than the M4 quality, 46 cm2/J. This difference is exceptionally large for one rock type. 
In general, both samples are highly resistant to fragmentation due to a relatively small Rittinger coefficient.  

As = 30.01•Es + 17.49
R2 = 0.991

As = 45.97•Es + 22.55
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Figure 3 Energy register functions for both ore types (Es for stream 1 is linearly extrapolated) 
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3 Previous full-scale fragmentation tests 
Table 1 gives an overview of previous fragmentation measurements carried out on blasted rock in Kiruna 
(Lundberg, 1961a-b; Maripuu, 1968). The present mining layout and operational conditions are quite 
different so a direct comparison with their results may be misleading. 

Table 1 List of previous fragmentation measurements for blasted rock in Kiruna 

Characteristics Unit Lundberg Lundberg Maripuu Wimmer 
Year - 1961a 1961b 1968 2007 

Sieved material  Caving debris Drifting Caving debrisβ Caving debrisγ 
Level m 248 257 302 320 907 
Coord. - Y26-27 Y27-28 Y24 Y35-36 Y37 Mining 

area 
Drift - - - 239-240 355-357 377, ring 7 

Ore type - D D D D B 
Sublevel interval m 9 9 9 9 28.5 
Blasts - 5 5 6 5 1 
Individual samples - 5 5 6 41 6 
Extraction rate - begin/mid/end - 10-202% 7.5-9.0% 
Total masses kg 180 323 44 000 197 683 96 454 

10-500 (41x) 
Screen sizes mm 10-500 10-500 

0.074-10 (4x) 
0.063-200 

Burden / advance m 1.0-1.2 1.8 2.1 1.8 3 
Hole diameter mm 33.5-36 51 32 51 115 
Holes / round - 12 12 53 10 7 
Drillmeters / round m 66 70 120 50.8-53.4 159.9 
Tonnage / round t 361.4-395.6 591.3 180.0 534.0-550.0 6 591 
Explosive type - Dynalit Dynalit/Anfo - Anfo Kimulux R&82 
Specific charge kg/t 0.12 0.19α 0.33 0.15-0.17 0.23 
α: 0.22 kg/t (Anfo) 

β: calculative break down in ore and waste rock  

γ: visually classified as pure ore without any contamination 

 

Maripuu`s (1968) investigation of fragmented caving debris is the most extensive one because of the large 
number of samples studied at different extraction rates. For a few samples even information for the fines 
(0.074-10 mm) range is available. Both, the three and five parameter Swebrec functions (Ouchterlony, 2005) 
give a good fitting to the data set, see Figure 4 and do not show any irregularities in the breakage behaviour. 
From a historic data point of view the magnetite ore thus shows fragmentation characteristics, which are 
comparable to those of waste rock. The parameter x50 covers a wide range and its average value amounts to 
86 mm. No explicit trend of x50 versus extraction rate is directly noticeable. 

Maripuu has also made an attempt to divide the caving debris masses into pure magnetite ore and waste rock, 
wherein it has been observed that the fragment size distribution for waste rock is considerably coarser than 
that for ore with x50 = 161 mm and x50 = 79 mm respectively. Further it is worth mentioning that the 
percentage of fines for the waste rock is much higher than for the ore, i.e. the fragment size distribution is 
much flatter. 
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Figure 4 Fragment size distribution for caving debris (5 blasts; > 10 mm: 41 samples and < 10 mm: 
4 samples) with extended Sewbrec function fit. Data range 0.074-500 mm. Curve fit 
parameters: x50 = 86.1 mm, xmax = 1072 mm, b = 2.893, a = 0.999, c = 2.1 with r2 = 0.999. 

4 Present-day full-scale fragmentation tests 

4.1 Test layout 
A total of 6 buckets and 96 ton of magnetite ore have been taken from a specific ring (level 907, block 37, 
drift o377) of the Kiruna mine. All 6 buckets have been taken in series after an initial extraction of 20 
buckets corresponding to an extraction rate of ~ 7.5 % from a totally loaded mass of 6591 t. Since the actual 
ring was situated close to the hanging wall it had not yet reached full height and thus the standard layout of 
the SLC rings has not been used. An undisturbed previous extraction as well as operational conditions led to 
the selection of this site for the actual test. 

The local rock conditions were judged to be competent and undisturbed. The lower part of the ring consisted 
of low phosphorous B1 and B2 ore (Fe ~ 67 %, P ~ 0.01 %) and the upper part to some extent of high 
phosphorous D-ore (Fe ~ 59 %, P > 0.3 %). B2 ore is, compared to B1 ore, slightly more inhomogeneous and 
contains typically green actinolite and pyrite (Niiranen, 2008). 

The actual ring comprised 7 boreholes with diameter 115 mm, a forward inclination of 80° and a burden of 3 
m to the next ring plane. An overall of 159.9 drilling meters and a theoretical in-situ volume of 4462 m3 yield 
a specific drilling amount of 0.17 m/m3. The drilling was done by an automated drill rig (Atlas Copco AB, 
SIMBA W469). Since water was present in some of the boreholes almost half of the charging (47 %) 
required a substitution of the standard bulk emulsion (Kimulux R) by the packaged emulsion Kimulux 82. 
The actual specific charge thus amounted to only 0.23 kg/t instead of the planned 0.35 kg/t. Apart from this 
the charge columns and the initiation were implemented according to the operating standard. 

4.2 Working procedure 
In order to ensure loading of pure magnetite the 6 individual samples have been taken well before any waste 
rock inflow. The whole test campaign is summarized by Figure 5. 

Pictures have been taken both from the loader buckets filled with material and piles spread out (un- and re-
mixed) on a plane tarmac surface. Results from a calibration attempt of the on-site used granulometry 
analysis software WipFrag (Carlsten, 2002; Lith, 2003) will be presented at a later date. Furthermore, 3D 
models have been computed by means of photogrammetry (Gaich et al., 2006) which provides for the 
moment only a detailed documentation of the piles. 
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Figure 5 Principles of sieving campaign 

Table 2 Weighed fractions and cumulative passing values for sieved samples 

Sample 1 2 3 
Fraction (mm) kg % kg % kg % 

> 200 6 867.5 100.0 10 535.6 100.0 5 503.7 100.0
150-200 1 137.5 58.1 505.6 33.9 593.7 70.2
100-150 2 408.1 51.2 1836.2 30.7 3 064.3 67.0
63-100 299.2 36.5 160.4 19.2 333.4 50.5
35-63 716.7 34.7 414.6 18.1 850.8 48.7
12-35 1 306.7 30.3 771.6 15.5 2 072.1 44.1
0-12 3 656.7 22.3 1703.8 10.7 6 073.5 32.8

Total 16 392.4 - 15 927.8 - 18 491.5 -

Sample 4 5 6 
Fraction (mm) kg % kg % kg % 

> 200 5211.8 100.0 1799.9 100.0 3728.0 100.0
150-200 941.8 63.5 409.9 88.3 378.0 76.4
100-150 2 952.4 56.9 2 560.5 85.6 1 768.6 74.0
63-100 169.0 36.2 233.8 68.9 373.8 62.8
35-63 655.0 35.1 695.1 67.3 763.2 60.4
12-35 1 370.8 30.5 2 065.1 62.8 1 853.2 55.6
0-12 2 982.4 20.9 7 555.1 49.3 6 923.2 43.9

Total 14283.2 - 15319.4 - 15788.0 -
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The top deck of the mobile Finlay 883 sieving unit had cross beams, which close almost all available 
openings. Furthermore, only one amongst four possible screen segments was used for the 200 and 100 mm 
screens. Thus the accuracy of the corresponding values were considered questionable and they have therefore 
been excluded in the analysis. The amount as well as the size of boulders has been recorded. Laboratory 
samples have been taken from the stream at the conveyor belt from the masses < 63 mm and sieved down to 
0.063 mm by LKAB`s laboratory. 

The individual fractions from the full-scale test have been weighed using a calibrated scale (20 kg accuracy) 
at the industrial site of LKAB`s subsidiary company KGS. A cross-check with the scale used in the 
laboratory has not shown any significant variance in the accuracy. 

4.3 Sieving curves for 0-63 mm fraction samples 
Figure 6 shows the cumulative fragment size distributions for all 6 lab samples from 0-63 mm. At first view 
a pronounced self similarity can be observed since the curves are parallel shifted upward in the log-log 
diagram at least up to 10mm. This is expected when fine material follows the NBC concept. Inadequacies in 
the sampling method may explain the slightly deviant curve for sample 1. 
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Figure 6 Sieving curves for 0-63 mm fraction samples, log-log scales 
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Figure 7 Fragment size distribution for 0-63 mm fraction samples with basic Swebrec function fit. 
Data range 0.125-40 mm. Parameters: x50 = 8.01 mm, xmax = 87 mm, b = 2.287, r2 = 0.999. 
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A curve fitting to the averaged lab sample data using the 3 parameter Swebrec function, see Figure 7, gives a 
near perfect fit with r2 value of 0.999 over a large interval from 0.125-40 mm.  

Furthermore, the residuals are stochastically distributed. To adjust the fitting in the fines region a weighting 
of the squared residuals by 1/√(x) has been made.  

Figure 8 shows the continuous GGS exponent plots derived from the extended Swebrec function – for both 
the present-day sieving data and Maripuu`s data (caving debris). All curves basically fall on top of each 
other, which supports that the sieving curves from the lab samples have NBC character (Ouchterlony and 
Moser, 2006). It is clearly visible that the minima for the actual as well as the old data occur at x~0.35-0.4 
mm. Based on experience the local position can directly be related to the petrographic character of the 
investigated ore (Grasedieck, 2007). In fact the minimum lies where the majority of grains change from 
polymineralic assemblies to monomineralic pieces. 
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Figure 8 Continuous GGS exponent curves for actual full-scale sieving and Maripuu`s data 

Interestingly the described characteristic is not associated with the chemical composition since the 
investigated magnetite ore types are disparate (low versus high phosphorous ore type). Thus the chemical 
composition does not seem to have altered the characteristics of the grain assembly much. A petrographic 
study of the different ore types would shed more light on this matter. 

4.4 Evaluation of complete sieving curves 
The construction of complete sieving curves was accomplished in the following way (Ouchterlony et al., 
2006; Wimmer et al., 2008): 

1. From the measurements taken from boulders a theoretical, imaginary grizzly size can be computed 
(i.e. largest dimension from the largest block). Since a grizzly with a given gap can be passed by 
larger fragments than a square mesh with the same dimensions, a flakiness factor has to account for 
the difference in screen geometry. The flakiness value has been found to be 1.10. The same flakiness 
factor has been considered for the rectangular screen opening 12x30 mm, which gives an effective 
mesh size of 13.2mm. 

2. The screening at 200, 150 and 100 mm involved hexagonal punch plates whereas the respective 
quadratic mesh size can be obtained by a comparison of the available opening (decreased area by a 
factor of (√3)/2. 
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3. Practical circumstances (see section 4.2) finally impeded the use of the data points at 200 and 100 
mm. 

4. Since the Swebrec function is relatively linear within the range of 10-60 % passing and the 
cumulative sieving data for 63, 35 and 12 mm mesh sizes lie well within this range, absent data 
points in the full-scale test can be taken from a straight-line interpolation. 

5. As 13.2 mm is missing in the lab screen series, the 13.2 mm data point has been interpolated from 
the 12.5 and 16 mm data points. 

6. The linear curve behavior within the range of 10-60 % mass passing rendered a splicing at 13.2 mm 
possible by scaling the lab sample data for all smaller screen sizes. This makes the lab sample a 
relatively smooth continuation of the interpolation line into the fines region. 

Table 3 as well as Figure 9 clarifies the procedure of splicing for the construction of a complete 
fragmentation distribution on the basis of sample 3. 

Table 3 Splicing procedure for construction of a complete sieving curve, sample 3 

Data type Mesh Mesh Lab sample Mass Full scale Splice Final curve 
- mm mm Passing % Fraction kg Passing % 13.2mm Passing %
Xmax 390 429 6097.4 100.00   100.00
Finlay, hex 150 129.9 3397.7 67.03   67.03
Finlay, quadratic 63 63 100.00 850.8 48.65 52.10 48.65
Lab sample 40 40 91.11 44.87 47.47 44.87
Finlay, quadratic 35 35 87.90 2072.1 44.05 45.80 44.05
Lab sample 30 30 85.84 41.61 44.73 41.61
Lab sample 25 25 82.14 39.18 42.80 39.18
Lab sample 20 20 74.07 36.74 38.59 36.74
Lab sample 16 16 66.91 34.79 34.86 34.79
Finlay, 12x30mm 12 13.2 63.03 6073.5 32.84 32.84 32.84
Lab sample 12.5 12.5 62.06 32.33 32.33
Lab sample 10 10 58.85 30.66 30.66
Lab sample 8 8 53.83 28.05 28.05
Lab sample 6.3 6.3 48.40 25.22 25.22
Lab sample 5 5 44.94 23.41 23.41
Lab sample 4 4 41.12 21.43 21.43
Lab sample 2 2 29.56 15.40 15.40
Lab sample 1 1 21.07 10.98 10.98
Lab sample 0.5 0.5 16.02 8.35 8.35
Lab sample 0.25 0.25 12.70 6.62 6.62
Lab sample 0.125 0.125 9.56 4.98 4.98
Lab sample 0.063 0.063 5.76 3.00 3.00
* mesh size converted; italic values are interpolated 
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Figure 9 Construction of complete sieving curve for sample 3, log-lin scales 

5 Analysis and discussion of results 
The differences between the fragment size distributions for six consecutively taken buckets are substantial, 
see Figure 10. The parameter x50 varies between 14.3 mm (sample 5) and 277.6 mm (sample 2). Similar large 
variations in the fragment size distribution for blasted magnetite ore have also been observed earlier by 
Maripuu (1968) and are also common for the raw material delivered by the primary crusher to the processing 
plant (Hahne et al., 2003). On average x50 amounts to 86.5 mm however and this is directly comparable to 
the mean x50 value that Maripuu (1968) measured in earlier tests (see section 3). 
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Figure 10 Constructed, complete sieving curves for all samples 
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The shapes of the complete sieving curves do not entirely fit the Swebrec function. By and large this is 
somewhat surprising as a deviation from this behaviour is an exception. An increased amount of fines < 40 
mm causes a flattening and thus non-uniform continuation of the curve to coarser fractions. 

At first view the curves remind of those obtained by blasting near the critical burden, i.e. limited number of 
large fragments plus a fines tail that follows the Swebrec function (Ouchterlony, 2008). This is a tempting 
explanation as the specific charge in the SLC ring was substantially lower than normal, see chapter 4.1. 
However, a disturbance free extraction for the investigated ring makes this assumption rather doubtful. 

On the other hand, the flattening effect observed for the mid sizes may also be due to “selective” breakage 
behaviour and it is comparable to the shape of fragment size distributions typically affected by autogeneous 
grinding (Lynch, 1977; Hahne et al., 2003). This bears a direct analogy to an effect attributable to secondary 
fragmentation in block caving (Brown, 2003; Eadie, 2002) as the blocks constituting the primary 
fragmentation move down through the draw column to the respective draw point. A similar occurrence 
seems to be likely in the drawing of caving debris from a SLC ring and has been assumed earlier (Larsson, 
1998). A process like this may cause a depletion of medium size fractions but still leave strong large 
fragments.  

Several of the following mechanisms might be relevant for causing secondary fragmentation: 

• Self-breakage depending on shape and strength of particles 

• Abrasion effects between particles (autogenous grinding) 

• Crushing of fragments under superimposed load 

• Fracturing & failure of larger blocks under different forms of load 

Because of the low specific charge within the blasted ring (see section 4.1) more coarse material than usual 
can be expected and would constitute an ideal feed for the described mechanisms related to larger fragments. 

Self breakage effects have been observed to a great extent during the sieving process as many of the 
fragments that dropped from the conveyor belt split apart when hitting the truck tray. Previous investigations 
of ore processing characteristics have in particular shown that a) a significant fraction has in fact the unusual 
tendency to break very quickly within a batch mill, thus generating a large fraction of very fine material 
(Lichter, 2007) and b) the resistance of feed samples both to impact- and abrasion breakage increases 
markedly as the distance of sampling from the mining face is increased (Hahne et al., 2003). 

It can be assumed that the actual draw height and consequently the stress regime as well as the corresponding 
draw rate are influencing the resulting secondary fragmentation substantially. The scale in mining layout has 
changed tremendously during the years and resulted in a sublevel height of 28.5 m nowadays. It was 9 m 
when Maripuu (1968) made his study, in which the curves show no distinct effect of secondary 
fragmentation. From this follows that one could expect more comminution occurring in the debris flow, due 
to longer flow paths. On the other hand, the present buckets were taken before 10 % draw, which speaks in 
favour of relatively short paths, unless the draw is extremely uneven like as for a progressively upwards 
developing shallow draw phenomenon (Power, 2004a-b; Selldén and Pierce, 2004). 

The actual presence and extent of secondary fragmentation effects is difficult to verify. However, two main 
strategies would exist as a) the shape and surface properties of fine particles could tell if the material has 
been exerted to autogenous grinding (Forssberg and Zhai, 1985) and b) the whole process could be studied in 
full-scale with defined output parameters within an ore pass.  

In addition to possible secondary fragmentation effects segregation and thus preferential flow of certain 
fractions could also help to explain the observations made. 

Finally, the details of the actual sieving process, with some openings covered underneath by beams of the 
machinery and reduced number of sieve segments used, could have distorted the results though. We tried to 
compensate for this by excluding the tainted data but we do not know for certain that this has been entirely 
successful. 
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Despite this flattening deviation from Swebrec distribution behaviour – which is likely to be caused by the 
internal flow mechanisms in the SLC process – the main conclusion is still that magnetite itself behaves like 
waste rock from a blasting point of view. 
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Abstract 
The firing of a drill ring and blasting of an ore slice against caved rock material is the basis behind the 
large-scale sublevel caving method used at LKAB's Kiruna Iron Ore Mine. Improving ore fragmentation 
from the blasted ore slice can result in improved ore flow, leading to improved ore slice recovery with 
greater dilution control and more efficient ore extraction from the drawpoint. Fragmentation of the blasted 
ore slice is constrained both by the previously caved material pushing against the front of the ore slice, 
which limits swell volume in the ore slice, and the in-situ ore behind the blast ring. Minimising blast damage 
behind the blast ring is important for maximising stability of the drawpoint brow and adjacent uncharged 
drill ring. The assessment of fragmentation and damage due to blasting a drill ring is difficult due to the 
geometry of the uphole drill ring and restricted access for monitoring. This paper presents the results of a 
blasting trial at the Kiruna mine where the geometry of a typical sublevel cave drill ring is rotated 90 
degrees to allow detailed monitoring of the blasted ore slice against previously caved rock.  

1 Introduction 
In modern sublevel caving, relatively high and thin slices of ore are blasted against the front lying caved 
waste rock. LHDs are used to extract the material at the drawpoint front until a dilution cutoff point is 
reached. The next slice is then blasted and the process repeats. The economics of the mining method rely on 
maximizing the recovery of ore in the slice while keeping the dilution at an acceptable level. Technology 
coupled with the need to reduce costs has resulted in an increase in the scale of sublevel caving. Table 1 
summarizes sublevel caving design factors for the years 1963, 1983 and 2003 at the LKAB Kiruna mine. 

Table 1 Sublevel caving design changes at the Kiruna mine (Marklund and Hustrulid, 1995)  

Parameter Year 
 1963 1983 2003 

Drift width (m) 5 5 7 
Drift height (m) 3.5 4 5 
Sublevel height (m) 9 12 27 
Sublevel drift spacing (m) 10 11 25 
Blasthole diameter (mm) 45 57-76 115 
Burden (m) 1.6 1.8 3 
Holes/ring 9 9 10 
Tons/ring (t) 660 1080 9300 
Tons/meter of drift (t) 400 600 3100 

Sublevel caving has two main swell modes within the ore slice; Downward into the sublevel drift – known as 
‘free’ swell, and Forward against the caved waste – known as ‘confined’ swell 

A typical cross-section through a sublevel cave with the swell locations superimposed is shown in Figure 1. 
For the three sublevel cave designs in Table 1, the amount of free swell is summarized in Table 2 
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Figure 1 Typical cross-section through a sublevel cave showing the swell locations 

Table 2 Available “free” swell for the different designs (%) 

Design ‘Free’ Swell 
1963 24.0 
1983 17.9 
2003 5.5 

Swell for unconfined magnetite is quoted as 54% (Simetric, 2007). This is consistent with the value of 50% 
supplied by Larsson (2007) for the unconfined swell of the blasted Kiruna ore and is less, as expected, than 
the 59% to 64% range from Minelco (2007) for finely ground magnetite products from Kiruna ore. The 
available ‘free’ swell in Table 2 is significantly less than the 54% swell. With the increase in mining scale, 
the significance of the swell against the caved rock, the ‘confined’ swell, has markedly increased. Without an 
adequate ‘confined’ percentage of swell contribution, the fragmentation and loosening of the blasted ore slice 
will be reduced, adversely affecting the flow of the ore toward the drawpoint and promoting the flow of 
previously caved waste in its place. This leads towards either lost ore recovery or extraction of additional 
dilution material to maintain ore recovery.  

This paper reports the results of a trial conducted in the Kiruna mine in 1996 to examine the nature of the 
‘confined’ swell and the degree of fragmentation ahead and behind the blast holes in a ring configuration. 
The geometry of sublevel caving was rotated 90 degrees for the trial so that the blast hole ring was fanned 
about a horizontal plane as opposed to a vertical plane in regular sublevel caving, facilitating monitoring of 
ground conditions within and surrounding the ore slice.  

2 Methodology  

2.1 Test Site 
An underground test site was selected within the 'Sublevel Caving 2000' Research and Development Project 
on level 713 of the Kiruna m ine (470 m below the surface), as shown in Figure 2.  

  

Figure 2 Location of the test site on the 713m level of the Kiruna mine 
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Testing activities were conducted within Crosscut 363, Crosscut 365 and the inter-lying ore pillar as shown 
in Figure 3. The ore above Crosscut 365 was extracted by regular sublevel caving practices and in the retreat 
process, Crosscut 365 filled with a combination of caved ore and waste. Under normal operations the ore 
extraction above Crosscut 363 would have retreated at a similar rate to Crosscut 365, but in this trial 
Crosscut 363 was temporarily left un-mined to provide access for the test. Prior to the mining of Crosscut 
365, the drift was surveyed so that the excavated drift geometry was known.  

 

Figure 3 Plan view showing the blast hole line in relation to the caved waste material 

2.2 Blast holes 
In the ore pillar separating Crosscuts 363 and 365, at a distance (burden) between 2.5 metres and 3.5 metres 
from Crosscut 365 wall (and caved waste material), three 115mm diameter blast holes were drilled within a 
vertical plane, fanning about a horizontal plane. The blast hole line is shown in plan and vertical section, 
respectively, in Figures 3 and 4.  

 

 

Figure 4 Section view through blast hole line, looking from Crosscut 363 to Crosscut 365 

2.3 Explosive 
Details of the 3 blast holes, including charging lengths, are shown in Table 3. The blast holes were charged 
with a pumpable emulsion explosive (Kimulux R with 5% aluminum produced by Kimit AB), the same 
product used in production blast rings at Kiruna. Emulsion properties were as follows (Nordqvist, 2007): 

• Density = 1.2 g/cm3 

• Velocity of detonation = 5100 m/s (115mm holes) 

• Energy = 3.8 MJ/kg 

• Gas volume = 830 l/kg 

The primer was placed at a distance of 2m from the end of the hole. Electronic detonators were used with 25 
millisecond delays. The firing sequence started with the middle hole followed by upper hole and lower hole.  

 

Roof of 
Crosscut 365 
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Table 3 Blast hole charging information 

Blast 
hole Strike Dip  Length (m) 

Charge 
Length 

Collar 
Length 

 (degrees) (degrees) (m) (m) (m) 
Upper N87E 15.33 22 17.1 4.9 
Middle N87E 6.42 22 13 9 
Lower N87E -2.61 22 15.5 6.5 

2.4 Monitoring holes 
A total of 12 diamond drill holes were cored through the ore pillar, as detailed below  

Diamond Drill Set ‘A’ – pre blast 

The need for accurate classification of the natural ground conditions before blasting in the pillar, coupled 
with the need for an accurate location of the pillar wall against caved waste, resulted in the drilling of four 
diamond drill holes (Set ‘A’ – DDH A1, DDH A2, DDH A3, DDH A4) from Crosscut 363 across the ore 
pillar, and into the caved rock in Crosscut 365, as shown in Figure 3. The Set ‘A’ holes were 46mm in 
diameter, and positioned to cover the blast area evenly. Each hole was oriented upward from horizontal at 3.5 
degrees. Grout plugs were inserted at the collars of the holes prior to blasting to monitor gas pressure. 

Diamond Drill Set ‘B’ – post blast 

Following the firing of the 3 blast holes, 4 diamond drill holes (Set ‘B’ – DDH B1, DDH B2, DDH B3, DDH 
B4) were drilled 42mm in diameter from Crosscut 363 within the same locations as the previous 4 Set ‘A’ 
holes (46mm in diameter). The recovered cores were logged to determine the position of the hole collapse 
after blasting, the intensity of crushing and fracturing, and the final position of the Crosscut 365 drift wall. 
Grout was pumped under controlled pressure into portions of DDH B2, DDH B3 and DDH B4 to fill open 
fractures and voids surrounding these holes. 

Diamond Drill Set ‘C’ – post blast 

An additional four diamond drill holes (Set ‘C’ – DDH C1, DDH C2, DDH C3, DDH C4) were drilled 
56mm in diameter from Crosscut 363 after drilling and grouting Set ‘B’ holes. All 4 Set ‘C’ holes were 
collared in the same location and drilled, in plan view, along the same 4 Drill hole lines as shown in Figure 3 
but orientated upward at 1.6 degrees rather than 3.5 degrees upward for Set ‘A’ and ‘B’, as shown in Figure 
5. This resulted in Set ‘C’ holes breaking through into Crosscut 365 around 0.5m lower than Set ‘A’ and Set 
‘B’. The purpose of Set ‘C’ holes was to core through the blasted pillar, in close proximity to the core 
removed from Set ‘A’, for both direct comparison of ground conditions before and after blasting, and to 
confirm the movement in the Crosscut 365 final wall position following blasting. The grouting of fractures 
and voids (after blasting) through Set ‘B’ holes allowed the fractures or voids to be clearly displayed as grout 
sections within the Set ‘C’ core.  

 

Figure 5 Cross-section through a typical Drill hole line 
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3 RESULTS 

3.1 Swell 
The burden is defined as the distance separating the Crosscut 365 Edge Of Pillar (EOP) position from the 
Blast Hole Plane (BHP). The swell is determined from the change in position of the EOP. Drill hole results 
are summarized in Table 4.  

3.2 First sign of damage  
The initial zone of damage in the intact ore from blasting was determined from fracture type and frequency 
before and after blasting. Signs of low blast damage in weaker zones containing infilling or pores were 
considered to indicate limits of blast damage, linked with evidence of small compressive failures from 
diminishing gas pressures.  

Table 4 Percent swell determined for the different Drill hole lines 

Drill hole line Percent Swell (%) 
No. 1 17 
No. 2 8 
No. 3 16 
No. 4 2 

3.3 Major damage  
Major damage is classified as the area of crushed core. This zone is clearly identifiable in the Set 'B' core; for 
lines B1 and B2, no core was recovered until the point of Set 'A' hole collapse (the first major damage) and 
for B3 and B4, it is the boundary between the cement grout core and ore core that denotes hole collapse and 
major damage. The observation of intense blast damage at the same core position in the Set 'C' drill core sets 
verifies this damage as the major damage zone.  

3.4 Secondary major damage  
A secondary damage band, 20 - 50 cm in width located between the major damage plane and the pillar wall, 
was observed in all four drill holes. It consisted of damaged, but roughly fitting, large core pieces. Unlike the 
major damage zone, this secondary zone was not intensely crushed. Damage in this zone is thought to be 
mainly due to the compressive failure of the rock, caused by the heaving action of the blast gas pressure. 
This zone may also be caused by blast wave phenomenon or a localised weak band of rock passing through 
the pillar which was more prone to compressive damage.  

3.5 Results summary 

Table 5 Summary of drill core logging results 

Drill hole line No. 1 No. 2 No. 3 No. 4 
Blast hole Plane Location (BHP)  1320 1340 1440 1530 
Edge of Pillar(EOP) Before Blasting  1670 1700 1665 1790 
Burden  350 360 225 260 
Edge of Pillar After Blasting  1730 1730 1700 1795 
Location of First Damage  1220 1180 1300 1480 
First Damage Location Behind BHP  100 160 140 50 
Major Damage Zone  1400-1415 1300-1320 1425-1460 1610-1620 
Major Damage Zone From BHP  80 (ahead) 40 (behind) 15 (behind) 80 (ahead) 
Secondary Damage Zone  1450-1500 1410-1430 1540-1555 1740-1770 

Below are photos of Drill hole A2 before and C2 after blasting (Figure 6) 
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Figure 6 Photo A (LHS core box) and Photo B (RHS core box) show DDH A2 core. Photo C 
(LHS core box) and Photo D (RHS core box) show DDH C2. 

The locations of the different damage types as observed in the core are summarized in Table 5. The different 
damage locations for Drill hole line 2 are plotted in vertical section in Figure 7. The results from all four 
Drill hole lines are shown in plan in Figure 8. 

 

Figure 7 Damage zones as observed using Drill hole line 2 

First damage Major damage 

A B 

C D 
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Figure 8 Plan view showing the damage zones as observed using the four Drill hole lines 

4 Discussion 

4.1 Introduction 
The rock mass between the major damage zone and pillar boundary moved vertically down into the original 
Set 'A' holes. By re-coring through this area with Set 'B' holes, well fragmented, poorly consolidated ore 
pieces were expected directly after the major damage zone in the drill core. However, the Set 'B' hole cores 
showed the fragmented core pieces recovered at the major damage zone was followed directly by long, solid, 
rock core. Areas of lower blasting energy (ie blasthole collar area) underwent less rock mass movement, 
evident by the half moon shaped core recovered from DDH B4. 

4.2 Amount of swell  
Drill hole line 1 result of 17% was surprising, considering it had the greatest burden of 3.5 m and the greatest 
spacing between the three blast hole explosive columns. Drill hole line 2 had a similar burden as Drill hole 
line 1, but a higher concentration of charge. It exhibited a low swell value of 8% compared to the 17% of 
Drill hole line 1 and 16% of Drill hole line 3. The core from DDH A2 recovered porous, poor strength core 
which was shown to disintegrate significantly after blasting in DDH B2, and may have attenuated blast 
waves and dissipated gas pressure. Drill hole line 4 was expected to have the least amount of swell due to its 
relatively long distance from the three charged explosive columns. 

4.3 Swell location  
Features between the recovered drill cores were evaluated, such as cement grout infilling, white infilling 
bands, splotchy or coloured sections and porous zones. Grout pumped into 3 of the Set 'B' holes appeared in 
2 of the Set 'C' cores. Grout was recovered predominately towards the end of the diamond drill holes, within 
1.5m of the pillar wall boundary with the caved waste. Negligible swell was evident at the BHP. 

4.4 First site of damage  
Drill hole lines 1, 2 and 3 were within strong influence of the charged length of middle blast hole. The 
damage line shown in Figure 8 is slightly curved through these three drill holes. By overlaying cross-
sectional views, it is found that the vertical ground damage roughly fits a circular pattern around the middle 
blast hole. Damage detailed in Drill hole line 2 and 3 are similar with damage band within 1.7 m from BHP 
(towards diamond drill collars). Damage in Drill hole line 4 was, as expected, closer towards the pillar wall.  
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4.5 Major damage  
Major damage was located less than one half a metre behind the BHP from Drill hole line 2 in the centre of 
the charged body, following a curved shape (Figure 8). Drill hole line 2 was located close to the centre of the 
charged explosives column for the middle blast hole, with the largest expected blast intensity. Drill hole line 
2 was also located at a close radial distance from the blast hole as shown in Figure 4. At the base (toe) and 
the beginning (collar) of the explosives column, a lower concentration of explosives charge existed near the 
BHP intersection, resulting in the major crush damage located closer towards the caved rock interface.  

4.6 Secondary damage  
The secondary damage zone followed the similar curved shape of the major damage zone, offset by around 1 
metre. Compressive failure was the main form of damage and thought to be caused by semi-elastic heave of 
the ore material between it and the major damage zone. This secondary zone contained weaker rock due to 
infilling and porous material, so when blast gas pressure pushed material against this zone it caused it to 
compress and then relax.  

4.7 Damage around a blast hole 
Classical blast hole damage (acting in a radial direction around a blast hole) was not noted. As an example, 
Drill hole line 3 which passed very close to middle blast hole showed a 35 cm crushed damage zone 
localised around the BHP intersection; immediately outside this zone in both directions, relatively solid core 
existed. The number of fractures in the cores fluctuated highly along the length of core, indicating that the 
original strength of the ground also varied irregularly. The variable rock strength is believed to have had an 
effect on the resulting damage. This may be a factor in the curved, banded nature of the rock damage. One 
theory of blast damage, which may be relevant, described major damage distribution as a central crushed 
zone around the middle blast hole, surrounded by gas or wave 'fingers' propagating out along planes of 
weakness mainly toward the partially confined cave boundary. This would describe the irregularity in the 
displacement of these damage zones further from the blast hole toward the pillar/caved rock interface.  

5 Conclusion 
In sublevel caving operations, with the increase in mining scale over time and the corresponding decrease in 
the percent ‘free’ swell offered by the extraction drift, it is valuable to understand the magnitude of the 
percent ‘confined’ swell located in front of the blasted ring. In addition, it is valuable to understand the 
nature and degree of blast damage within the ore slice as well as to the drill ring behind. The process of 
blasting ore against waste rock at Kiruna via this trial, including changing the geometry from regular 
sublevel caving under controlled and instrumented conditions, has given information about these two major 
areas of interest. It has been found that under the conditions of the trial and for a 2.5 to 3.5 m burden, the 
percent ‘confined’ swell was in the range of 2 - 17%. For large-scale sublevel caving the amount of ‘free’ 
swell is of the order of 6%, therefore the total percent swell available is of the order of 8 – 23%. When 
comparing this figure to the published value of 54% swell obtained when comparing the densities of solid 
and unconfined broken magnetite, one would expect irregularities in the fragmentation and in the gravity 
flow conditions. Major ground damage from the blast was found to occur at a distance of 0.5 m behind the 
blast hole plane near the centre of the explosive charge. Induced cracking was noted up to 1.7 m behind the 
blast hole plane.  
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Abstract 
Mining of workings associated with Henderson Mine’s new 7210 Production Level using post-undercutting 
methods encountered significantly weaker ground conditions than experienced on previous mining levels. 
Mining in ground with higher rock mass strength on the 7700 Production Level led to the development of 
efficient, mechanized, and cost-effective ground support designs and practices that required modification to 
support the 7210 Level. The application of traditional support systems such as friction bolts, wire mesh, 
shotcrete, mass concrete and steel sets was intensified. Results of numerical modelling, as well as 
information gained from in-situ stress measurements, rock testing, and borehole instrumentation helped to 
confirm the need for additional types of support systems. Cable bolts were successfully introduced to support 
several large excavations sited in weak ground, including several ore pass cut-outs and the 7175 shop. This 
has led to a more general application of cable bolts throughout the 7210 Production Level. Testing of a “C-
Arch” draw point, using cable bolts and rebar-reinforced shotcreted arches as brow support in place of 
mass concrete and steel brow sets has shown promise and is on-going. The objective is to develop ground 
support systems that can be safely, efficiently, and flexibly applied to support weak and highly variable 
ground, while reducing repair effort. 

1 Introduction 
The Henderson Mine is a primary molybdenum mine located in the north-central Colorado, USA. The ore is 
extracted using a panel caving mining method, currently at a rate of approximately 29,000 tonnes per day. 
Since production began in 1976, ore has been extracted in downward succession from three separate 
production levels, the 8100 Level, the 7700 Level, and the current 7210 Level. Relative to original 
topography, these levels were mined at maximum depths of approximately 1,280 m, 1,402 m, and 1,551 m 
respectively. The previous two production levels, 8100 Level and 7700 Level, extracted ore from 
approximately 120 m high columns. The current 7210 Level initially continued that practice, but is now 
beginning to exploit a high-lift zone with columns up to approximately 400 m high (Figure 1). 

 

Figure 1 Mine/ Mill Cross Section 
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The Henderson ore body is classified as a Climax-type porphyry molybdenum deposit, which is 
characterized by multiple intrusions in roughly the same location. These intrusions are Tertiary in age, 
ranging from 24 to 30 million years, mostly porphyritic in texture, and range from rhyolite to granite in 
composition. The superposition and overlapping of the mineralized shells from sequential intrusions has 
created a relatively high grade molybdenum ore body (Figure 2). 

 

Figure 2 Geologic Section 

Ground support practices on the lower levels of the Henderson Mine have evolved with experience gained 
over time since mining of the new 7210 Production Level was begun in early 2003. These lower levels 
include all levels located below the 7500 Rail Haulage Level. The 7210 Production Level has been 
developed and operated using a panel cave mining method with a post-undercutting technique, as has been 
used on the two previous production levels at Henderson. As a starting point, ground support practices that 
were very successfully used on the 7700 Production Level were applied. Ground conditions on the lower 
levels, and especially on 7210 Production Level, have generally been weaker and more variable than those 
encountered on the upper levels of the mine. 

2 Ground Control Practices on 7700 Production Level 
For the last area mined on 7700 Production Level, the Northeast Panel, full development of draw points 
ready for undercutting was limited to one bell beyond the currently cave front. This development sequence is 
very cost efficient, but tends to result in development and construction of drawpoints occurring while under 
the influence of high abutment stresses.  

Typical ground support of production drifts at that time consisted of 39 mm friction bolts installed on 1.2 m 
centers, limited use of 4 gauge (5.7 mm) welded wire mesh with 100 mm apertures in drift shoulder areas, to 
which wet mix shotcrete approximately 100 mm thick with a strength of approximately 34.5 MPa was 
applied. Drawpoint support consisted essentially of a shell of mass concrete 0.3 m thick (minimum) and 1.42 
m long, with a strength of approximately 27.6 MPa, reinforced with 2 flat-back brow steel sets (W203 x 60 
grade 43A steel). Two rows of rebar bolts 22 mm in diameter and 2.1 m long were used to tie the steel sets to 
the rock mass surrounding the draw point (Figure 3). To improve efficiency and minimize exposure of 
personnel to occupational hazards, most of the procedures used to install this ground support were 
mechanized. Rock bolts were installed using Secoma or Tamrock rock bolters, shotcrete was applied using a 
Normet shotcrete placer, and a custom-built form jumbo was used to set the pans to form the mass concrete. 
Most of the manual labor was required to complete forming and placing of concrete in the drawpoints.  
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Figure 3 Drawpoint with 1.42 m long mass concrete shell (Keskimaki, et al. 2004) 

3 Recognition of Ground Support Issues on the Lower Levels 
Mining of main access ramps and drifts for the 7210 Level was re-started in March of 2003. At the same 
time, mining also commenced of the associated drifts on 7270 Undercut Level, 7150 Ventilation Level, 7065 
Truck Haulage Level, and 7025/7030 Drain Level. Knowledge of ground conditions on these lower levels 
from pre-mining studies was augmented with experience gained from the progress of mining and 
geologically mapping these levels, which resulted in revised geologic and geotechnical interpretations. 

A series of internal meetings was also conducted with both mine engineering and operational staff to discuss 
strategies for developing and caving the lower levels. As a result of these meetings, Itasca Consulting Group 
was hired to evaluate stresses, potential for rock bursting, and ground support requirements on the lower 
levels. Itasca also assessed cavability of the rock mass, and developed strategies to minimize dilution. At the 
same time, vertical TDR (Time Domain Reflectometry) monitoring holes were being drilled from the 7700 
Production Level, with their toes near the 7270 Undercut Level. Results from each of these studies and the 
various development activities indicated that ground conditions on the lower levels were generally weaker 
and more varied than experienced on the upper levels of the mine. 

3.1 Correlation of mineralization and weak ground 
During the period of lowest molybdenum prices, the lowest blocks in ore columns became uneconomic. The 
production level and undercut level were each moved upwards 10.7 m from the originally planned 7175 
Production Level and the 7235 Undercut Level, respectively, to their current locations at the 7210 Level and 
the 7270 Level. As mining progressed, generally, the weakest conditions were being encountered on the 
7210 and 7270 Levels, and on the 7175 Shop Level. This was because substantial parts of these levels were 
developed in mineralized rock. Over the years at Henderson, a correlation between high molybdenum grade 
and weak ground conditions has been noted (Rech et al. 2000). This is due to weakening of the rock mass 
caused by a concentration of veins of molybdenite, which has low fracture shear strength. 

3.2 Initiation of Production on 7210 Level 
Caving was initiated in earnest in 2005. In order to rapidly replace production that would be lost as the 7700 
panel was being depleted, a “strip-caving” sequence was used in the 7270 Undercut Level. Using this 
technique, one undercut drift at a time was caved to a main crosscut, and then undercutting activities were 
moved to the adjacent drift. This sequence tended to concentrate abutment stresses on the adjacent 
production drift for relatively longer periods of time than Henderson’s traditional “step caving” method. This 
led to further deterioration of already weak ground. The end result was that significant damage was observed 
at many, if not most of the drawpoints in the initial production area (Figure 4). Some effective operational 
responses were developed. Repair of these drifts included addition of wire mesh in many areas, repair bolting 
and re-shotcreting as required. Additionally, the length of the existing mass concrete shells was extended for 
approximately 50% of the drawpoints in the cave initiation area. 
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Figure 4 Production Drift (left) and Drawpoint Damage (right)  

These operational responses were essentially effective until the first series of ore pass cutouts were mined. 
The designed maximum span in these chambers was approximately 10 m. Mining of one of these cutouts, in 
particular, encountered a very weak, highly clay-altered, squeezing rock mass with high molybdenum 
content. Due to the weak ground, over-break was hard to control, which increased the actual span. The 
ground was successfully supported during the mining cycle; however, it was not clear that these cutouts 
would withstand the abutment loading cycle when the cave was advanced towards them without installation 
of additional ground support. 

On the undercut level, strip caving tended to result in a greater frequency of crushed drill holes that required 
re-drilling. Deterioration of rock mass conditions due to abutment loading was controlled by installing wire 
mats in undercut drifts between the rings of blast holes. 

3.3 Mining of the 7175 Level Shop 
Concurrently, on the 7175 Shop level, mining had begun. Most of the drifts in the shop complex were large, 
ranging up to 7.9 m wide by 6.7 m high in the Crane Bay. Similar to the 7210 Production Level, the drifts 
were being mined in mineralised material, with an abundance of intersecting molybdenite slips. While 
mining the top cut of the Crane Bay, a large cathedral developed on a large back wedge. Current support 
methods, consisting of friction bolts 2.1 m long, mesh and shotcrete, were unable to contain this failure. 
Mining was stopped while alternative ground support methods were investigated. 

3.4 Geotechnical review 
A geotechnical review of the situation on 7210 Level was held in October, 2005 with consultants from both 
Call and Nicholas, Inc. and Itasca Consulting Group. A revised in-house geotechnical interpretation of rock 
mass conditions on 7210 Level was prepared for the numerical analyses. This interpretation indicated that 
the area of poor rock on the level was greater than previously estimated. Back analyses by the consultants 
indicated a need for further rock testing to confirm the estimated low rock mass strengths. Both consultants 
highlighted the need to use additional bolting support other than friction bolts to support the poor ground. 
The three B-series ore pass cutouts located near the intersection the main access crosscut (PXC-1) were 
highlighted as critical areas with the greatest potential for crushing.  

4 Instrumentation and Monitoring 

4.1 Instrumentation and Testing Project 
A project to instrument the 7210 Production Level provided some very useful data that confirmed some 
previous observations. As part of this project, in-situ stresses were measured, and rock strengths were tested 
using unconfined compression strength (UCS) tests. Borehole extensometers and vibrating wire load cells 
were each installed and monitored. The project was conducted by Agapito Associates, Inc. (Yu, 2006). 
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Maximum in-situ vertical stresses were found to be approximately 30.9 MPa with horizontal stresses 
approximately one-half of this value. Borehole pressure cells indicated a maximum 42.7 MPa, or 
approximately 1.4 times the in-situ stress. This ratio was similar to earlier estimates made by both Itasca and 
Call and Nicholas. 

Unconfined compressive strength (UCS) results were clearly segregated into two populations. The 
porphyritic rock type had an average UCS strength of 77.1 MPa, while the aphanitic (potassic feldspar 
flooded) rock type had an average UCS strength of 255.4 MPa. Again, the average for the porphyritic rock 
type was similar to a previous estimate made by Itasca, and confirmed the lower rock strengths observed on 
this level. For comparison, the historic numbers used for unconfined compressive strengths based on data 
from the upper levels of the mine, were 109.2 MPa for ore, and 160.3 MPa for the host rock, non-ore-grade 
Urad Porphyry. 

Horizontal extensometers showed a maximum of 150 mm of extension in poor ground. The maximum 
extension shown on vertical borehole extensometers was typically an order of magnitude lower. The 
horizontal extensometers showed large incremental displacements that could easily be related to mining of 
adjacent drawpoints, and the onset of abutment stresses. Doubling the horizontal extension, assuming it 
occurs on both ribs of a drift, would give 300 mm, which is comparable to the maximum convergence that 
has been observed to date on the 7210 Level. 

4.2 Convergence Monitoring 
A convergence monitoring system was developed to monitor the drawpoints on 7210 Production Level, as a 
tool to manage the cave. Convergence is used to identify and monitor unstable weak zones, so that 
appropriate repairs could be made, or draw could be adjusted to relieve stress. Vertical convergence readings 
only are taken, and have confirmed that substantial deformations were occurring in the 7210 Production 
Drifts. To date, the maximum cumulative vertical convergence observed has been approximately 345 mm, 
with convergences exceeding 150 mm being fairly common. 

At Henderson, the state of a convergence point usually corresponds closely to its position relative to the cave 
line, or position of the undercut. Points in front of the cave line and within approximately 30 m of it are 
generally converging. Points behind the cave line often show a slight rebound just after the cave line has 
passed (Figure 5). The rock mass compresses and squeezes readily under load, yet still has enough elasticity 
to rebound even when convergence of up to 7 or 8% of the drift height has been observed. This behaviour is 
thought to be related to the prevalence of low friction molybdenite coatings on fractures in the rock mass, 
which allows the rock mass to readily displace along fractures in response to either loading or unloading. 
Typically points behind the cave line stop displacing after several weeks. Points showing large convergence, 
and points behind the cave line showing any convergence, are watched closely. If necessary, remedial 
actions such as increasing the amount of draw, or initiating repair are taken. 

 

Figure 5 Cumulative Convergence Graph 
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5 Remediation of Ground Support Issues 
Sufficient experience mining on the lower levels and several stages of analyses, testing, and monitoring were 
required before it was clear to all parties involved that the 7210 Production Level was essentially a different 
mine from the preceding two levels. The response was gradual, but effective. Again, to date, no loss of 
production has occurred due to irreversible crushing of a production drift or drawpoint on 7210 Level. A 
chronology of the response follows. 

5.1 Operational Response 
Mine operations developed some immediate responses to the weaker ground and squeezing conditions 
encountered on the 7210 Level. Typically, these methods involved more intensive use of support methods 
that have been successfully used at Henderson for many years. 

The density of friction bolts used increased dramatically. Use of wire mesh (mats) was also increased 
significantly. Whereas previously weld mesh was used sparingly in only the shoulders of the drift, its use 
was gradually increased. Presently, all drawpoints are completely meshed to the floor from the brow line to 
the point of intersection with the production drift, and production drifts are meshed to the grade line as 
routine support. A graphic of the increase in support effort is shown (Figure 6).  

 

Figure 6 Ground Support Material Usage 

Another operational response to the weaker ground conditions was to extend the length of mass concrete 
shells in the drawpoints. From the previous standard length of 1.42 m used on the last panel on 7700 Level, 
shell length was increased to a minimum of 2.64 m to a maximum of 5.08 m. Additionally, up to three 
arched steel sets were added to reinforce the concrete shells. Some additional steel reinforcing bar was added 
to tie the arched sets and brows together. 

Yet another operational response was to step up repair efforts in areas that had been heavily damaged. Repair 
was effectively sequenced behind the caving cycle, utilizing a specialized repair crew which was assembled 
to complete this work. After an area was undercut, and abutment stresses had passed, drawpoints were 
repaired as required. This often involved replacing the brow steel sets if these had been severely bent, and 
reforming and replacing the mass concrete if it was badly damaged. Most production drifts and the outer 
portions of drawpoints were re-shotcreted as well. This was done to repair spalling and slabbing that had 
occurred as a result of abutment loading, or as a result of rebound and relaxation that occurred after the cave 
front had passed. By the end of its life, a production drift typically has shotcrete that is 150 mm to 200 mm 
thick, compared to the 100 mm to 150 mm thickness initially applied. 

These operationally driven methods were effectively conceived and executed, and have been continually 
refined with time on the lower levels of the mine. 
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5.2 Use of Down-Hole Cable Bolts 
Both up-hole and down-hole grouting of TDR cables in diamond drill holes had been successfully introduced 
at Henderson to monitor the lower level. A new ore bin and chute design was developed for the lower levels. 
The geometry of the ore bin/chute complex results in a nose just above the chute level that could potentially 
become de-stressed and fail. As a precaution, a down-hole cable bolt pattern was developed for these bins 
(Figure 7). 

Cable bolting had never been a standard practice at Henderson. Additionally, the only grout pump on-site did 
not appear to be capable of pumping a highly viscous grout into upholes. Given these constraints, cable 
bolting down-hole using a water-reducing plasticizer was the initial preferred alternative. 

 

Figure 7 Ore Bin Support 

The down-hole bolting pattern has been used with some modifications on nearly every chute installed to date 
on the lower levels, and no major failure of an ore pass or chute brow has occurred. Additionally, Henderson 
and contractor crews were successfully trained to install and grout cable bolts. With each installation, 
confidence in the use of these methods grew. 

After successful introduction of down-hole cable bolts to support the ore bin/chute complexes, down-hole 
cable bolts were installed to support the three critical B-series ore pass cut-outs located in weak ground at 
intersections with the main crosscut (Figure 8). Additionally, at one location, a large concrete wall was 
constructed to replace the edge of a pillar that had been lost in this area. The combination of these supports 
allowed the cave to be successfully advanced past these cut-outs without crushing any production drifts or 
drawpoints. Advancing the cave past these cut-outs had been identified as a critical test by the consultants, 
which was passed. 
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Figure 8 Ore Pass Cut-out Ground Support 

5.3 Support of 7175 Shop 
As mentioned previously, mining was stopped at the site of the cathedral failure in the 7175 Shop Level 
crane bay (Figure 9). Four ground support alternatives were investigated and declined. The use of cable arch 
trusses did not appear to be a viable option, given the highly variable configuration of the back. Steel sets 
were declined as an expensive and difficult option, with substantial potential for injury due to the size of the 
sets that would be required. The concept of installing a pipe umbrella, a method used in the tunnelling 
industry; was investigated in cooperation with the Alwag Group from Austria. This option looked promising, 
but was ruled out due to cost and perhaps because of its novelty at Henderson. Supporting the back with 
chemical grout also looked like a promising option, and one that had been used with great success at 
Henderson in the past. Due to cost and lack of availability of the potential contractors, this option was also 
declined. 

 

Figure 9 7175 Shop Cathedral 

The option chosen was to pre-support the area with cable bolts, and mine through the cable bolts. This option 
was suggested by one of Henderson’s staff, Mark Ramirez, who had previously seen it used successfully at 
the Stillwater Mine, in Nye, Montana, USA. Perhaps due to recent successful applications of down-hole 
cable bolts in other parts of the mine, this method was selected. 

A conceptual plan for cable bolting was made (Figure 10), and an experienced cable bolting contractor, 
Boart Longyear was hired. Mining from the back side of the crane bay was advanced until a face pillar 
approximately 9.1 to 12.1 m thick was left in the bad ground. Angled cable bolts were installed above the 
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face pillar, and adjacent to it. Cables bolts installed were 6.1 m or 9.1 m long, depending on location. 
Spacings varied between 1.2m and 1.8 m. The top quarter of the drift was then successfully holed through. 
The cathedral was then supported with a regular cable bolting pattern, and the remainder of the top cut was 
mined through. The top cut was shotcreted, and the bottom cut was removed without incident. Rebar bolts 3 
m long on 1.5 m centers were used to support the ribs of the bottom cut. Several other locations in the 7175 
Level Shop Complex were also cable bolted in the back and ribs in areas identified by geologic and 
geotechnical mapping. 

 

Figure 10 7175 Shop Level Crane Bay Support 

In general, the Henderson experience has been that the ability to yield of wire mesh and shotcrete-based 
ground support systems results in more flexible support that can accommodate large displacements readily. 
Additionally, these systems are more easily repaired than stiff, brittle support systems such as mass concrete 
and steel sets. A concept was tested and gradually implemented that reduced the length of the mass concrete 
shell and embedded steel sets, and replaced some of these materials with a system of wire mesh, cable bolts, 
and shotcrete. 

Based on the demonstrated success of cable bolts to support ground in 7175 Shop, cable bolts were tested to 
support a pair of drawpoints located on the south hanging wall of the mine. Being adjacent to a large barrier 
pillar shields these drawpoints somewhat from the full effect of abutment loads, which it made it an ideal 
place for an initial test. These drawpoints survived the abutment loading cycle well, were lightly repaired, 
and are currently in full production. Brow support consisted of 6.1 m cable bolts on 1.2 m centers. Drawpoint 
support consisted on 6.1 m cable bolts on 1.8 m centers. 

Subsequent tests of cable-bolted drawpoint configurations have been located in the middle of the panel, 
where abutment stresses are likely highest. These tests have been successful as well (Figure 11). As a 
precaution, Operations has begun cable bolting vent raise and ore pass cutouts as a standard practice. These 
excavations have larger spans than other areas in the panel. They are also typically located adjacent to ore 
bins and ventilation drift complexes that are more highly extracted than the rest of the panel, and therefore 
more vulnerable to the effects of loading. Cable bolts are now used extensively throughout the 7210 
production level when poor ground conditions are encountered. 
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Figure 11 Drawpoint Cable Bolt Support 

5.4 C-Arch Drawpoints 
After a visit to INCO and Falconbridge’s mines in the Sudbury Basin in October, 2006, the C-Arch concept 
of drawpoint support was borrowed, adapted to local conditions, and tested at Henderson. The concept is to 
form a yielding shotcrete brow reinforced with steel rebar frames that can be more easily repaired than a 
standard drawpoint supported with mass concrete and steel. A C-Arch drawpoint can be excavated to smaller 
dimensions, leaving more intact rock in place in the pillar. Once again, the concept was first tested in two 
drawpoints on the south hanging wall drift to minimize exposure to abutment loads (Figure 12). A channel-
shaped steel rebar frame 9 mm in diameter was pinned to the ribs with cable bolts and friction bolts to form a 
brow. Full cable bolt support is then used throughout the rest of the drawpoint. The entire drawpoint, and the 
C-Arch brows are then shotcreted in place. As a test, three C-Arch brows on 1.2 m centers were used in each 
drawpoint. In theory, the two inner brows could fail, and a third brow would still be left as support, and to 
prevent muck from flowing into the production drift. The test is still in progress, and approximately 25% of 
the ore column has been drawn at this time. The two drawpoints withstood abutment loads well, and are 
currently being evaluated to see how they withstand the rigors of daily production mucking, and secondary 
blasting of hang-ups. Results were sufficiently promising that a second test has been initiated. 

 

Figure 12 C-Arch Drawpoints – plan, sections, and details 

The second C-Arch drawpoint test is being conducted in a location closer to the center of the panel and is 
expected to experience full abutment loading. One objective of this test is to try using pre-formed C-Arch 
shapes that would likely be easier to install. Both an arched configuration and a flat-back configuration with 
arched corner sections will be tested. If results indicate that C-Arch configurations can readily accommodate 
full abutment loading, can withstand production mucking and secondary blasting, are easier to repair than 
standard drawpoints, and cheaper to build, there is potential for using this configuration throughout the 7210 
Production Level in the future. 

6 Lessons Learned and Future Challenges 
Many lessons have been learned during the development of Henderson’s new 7210 Production Level. As 
these lessons are discussed, bear in mind that as a bottom line, mining of the new Production Level has been 
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an unqualified success. Production goals on the lower levels have been met without interruption, and no 
drifts or drawpoints have been crushed out and lost to date. 

One of the foremost lessons has been the need to better understand the geology of the Henderson deposit. In 
general, core drilling density was lowest on the lower levels of the deposit, and therefore this area was less 
well known and understood than the upper levels. Due to the long period of low molybdenum prices, 
Henderson was forced to operate with a skeletal or no geologic or geotechnical staff for many years, and did 
so with great success. However, much knowledge was lost, or not transferred, due to the lack of continuity 
between staff members. A modern geologic model was not developed until recently, when staffing levels 
permitted sufficient time for analyses. These deficiencies did not become critical until ground conditions 
changed with the actual mining of the lower level. Higher staffing levels would have permitted more time for 
detailed analyses that might have better predicted some of the ground support issues experienced on this 
level. Additional drilling of the 7210 Production Level in some areas would likely have been beneficial as 
well, to identify and characterize the rock, as well as to better define the extents of the ore body. 

The next challenge, which is being addressed, is for the geologic and geotechnical staff to fully develop 
timely methods of mapping, drilling, data entry, and analysis that allow prediction of changes in geologic 
zones. With this information, the geologic and geotechnical staff needs to better predict of the potential 
locations of ground control issues. Further development of standard ground support systems and patterns 
based on the predicted issues would also help the mine to operate more effectively. 

Another lesson that has been learned is the need to be able to change and adapt ground support practices to 
changing ground conditions, as well as changing times. While Henderson has applied its traditional ground 
support methods such as friction bolts, mass concrete, and steel sets with great efficiency and success over 
the past thirty years, the world of ground support has been changing around it. Newer methods such as cable 
bolts have recently allowed Henderson to accommodate a wider range of ground and operating conditions. In 
the future, there are definitely opportunities for Henderson to improve its use of other ground support 
systems such as resin-grouted rebar bolts, possibly Swellex bolts, and fiber-reinforced shotcrete, to name a 
few. New, currently unfamiliar ground support systems may allow the mine to adapt to future ground 
conditions that are as yet unforeseen. 

Extensive use of both contract miners and a contract cable bolting crew has been made during mining of the 
lower levels, with great success. The use of contractors has been critical in helping Henderson to meet 
development and production goals. In the case of cable bolting, expertise has been brought in that was not 
readily available on the mine site. Additionally, some capital expenditure has been deferred and turned into 
an on-going operating cost instead. At the same, potential disruption to the mine workforce by hiring, 
training, and potentially laying off workers after a short spike in development needs has been minimized. 

In summary, the Henderson Mine has changed greatly over the past few years. Production has effectively 
doubled since 2002, as has the size of the workforce, all while putting the new 7210 Production Level on 
line. Supporting the ground has been one of the major challenges faced on the new level. That challenge has 
been met, thanks to the adaptability, resourcefulness, and ingenuity of Henderson’s operators, engineering, 
and geologic staff. 
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Abstract 
A new haulage level, denoted KUJ 1365, is currently planned at the Kiirunavaara underground mine of 
LKAB. This paper presents the methodology and results of rock mechanics analyses for KUJ 1365. The 
analyses comprised ore passes, transport drifts, chute drifts, and crusher chamber, and were aimed at 
providing rock mechanics recommendations on the design and location of these critical excavations. A 
global-local modelling approach was used. A two-dimensional global model was utilized to calculate 
stresses induced by the sublevel caving. These stresses were, in turn, used as boundary conditions for local 
models of each excavation to be studied. Both two- and three-dimensional analysis was used for the local 
models. The methodology and the results were directly applicable in the pre-design work for KUJ 1365, in 
which they were used as a basis for decisions regarding e.g., choice of transport system. The work also 
included a preliminary reinforcement prognosis for excavations on KUJ 1365, to be able to do cost 
calculations in the pre-design work.  

1 Introduction 
The Kiirunavaara iron ore mine is one of largest underground metal mines in the world. The mine is located 
in the city of Kiruna, approximately 150 km north of the Arctic Circle in northern Sweden. The mine is 
owned and operated by LKAB. Mining in small scale started in 1898 and open pit mining begun in 1902. 
Open pit mining continued until the late 1950s, when a shift to underground mining was made. Currently, 
large-scale sublevel caving mining with a high degree of automation is conducted. The annual production (as 
of 2007) amounts to about 26 million metric tons of iron ore.  

The tabular Kiirunavaara orebody is more than 4000 m long, striking almost north-south and dipping 55°–
60° toward east. The proven ore reserve in Kiirunavaara is 662 Mt (as of 2006) above the 1365 m level, with 
a Fe content of 48.6 %. The width of the orebody generally varies between 80 and 160 m, becoming wider 
and slightly shorter with depth. The orebody is primarily fine-grained magnetite, with a varying content of 
fine-grained apatite (decreasing with depth). The footwall comprises trachyte, internally designated as 
syenite porphyry, whereas the hangingwall consists of rhyolite, internally designated as quartz porphyry. All 
rocks are of Precambrian age. Contact zones of limited width are found on both the footwall and hangingwall 
side. The rock mass quality is generally good for all rock units, but locally, rock conditions vary from high-
strength, brittle rock to altered, slightly weathered rock with clay- and chlorite-filled discontinuities. The 
dominating joint orientations are north-south (parallel to the orebody) and east-west. Both these joint sets are 
relatively steeply dipping. 

In the sublevel caving method used at Kiirunavaara, the crude ore is transported underground through ore 
passes from the production levels to chutes at the main haulage level. From these, the ore is transported by 
train to underground crushers, after which the ore is hoisted by skip to the concentrator plant on the ground 
surface. The current main haulage level is denoted KUJ 1045 and is located at the 1045 m mining level 
(ground surface is between levels 50 and 150 m in the mine coordinate system). Active mining is presently 
carried out between levels 935 and 878 m. The haulage level at 1045 m was taken into operation in 1997. A 
pre-design project has been conducted for the new haulage level, located at the 1365 m level, and denoted 
KUJ 1365. In the pre-design work, different alternatives regarding transportation method and layout of the 
haulage level have been evaluated. An example of the principal design for KUJ 1365 is shown in Figure 1. 
The construction of the new haulage level is, at present, divided into two phases. Phase 1 is planned to be in 
operation in 2012, and Phase 2, including the so-called Lake ore, is planned to be in operation in 2019.  
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Figure 1 Schematic figure of new haulage level at Kiirunavaara (KUJ 1365) for the alternative 
of ore transport by train 

2 Problem description and approach 
For a main haulage level at large depth, planned to operate for a period of up to 20 years, high demands are 
placed on rock stability during the construction and service life length of the haulage level. With a planned 
depth of more than 1200 m below the ground surface, high rock stresses will prevail. Mining of the orebody 
will result in stress redistribution, causing even higher stresses. As mining progresses downward, the 
excavations near the orebody will be subjected to a varying stress field, dependent on the location and 
distance relative to the caving front.  

For the rock excavations at the main haulage level, stresses will also vary over their planned life. These must 
therefore be designed to cope with the most critical stresses during their entire life. A complicating factor is 
that portions of the current haulage level must be in operation even after the sublevel caving front has passed 
the 1045 m level, to be able to maintain ore transport from the Lake ore (cf. Figure 1). When caving is on-
going on lower levels, destressing occurs at the levels above, which also must be considered in the design 
(this is not covered in this paper).  

Rock mechanics analysis is necessary to assess the stability of the different portions of the new haulage 
level, and was thus conducted as part of the pre-design work for KUJ 1365. The overall objective of this 
work was to provide rock mechanics recommendations on the design and location of the following 
excavations, which were judged to be the most critical with respect to function for the new haulage level:  

• Ore passes. Transportation of the crude ore is through ore passes from the production levels to the 
main haulage level. For KUJ 1365, ore passes with a length of 400 m are planned. Historically, ore 
passes have been a problem area (see e.g., Sjöberg et al., 2003). Analysis for the new haulage level 
was primarily aimed at giving recommendations on location (distance from orebody) and spacing 
between ore passes (in each group, cf. Figure 1). 

• Transport drifts. The choice of transport system (truck or train) implies different layout and 
geometry of the drifts. Layouts for both these options were analysed with respect to possible stability 
problems and remedial measures.  

• Chute drifts. Loading of the ore from the ore passes takes place in so-called chute drifts. These 
drifts are located close to the orebody and have a fairly large cross-sectional area. Thus, they 
constitute a potential problem area.  
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• Crusher chamber. The crusher chamber (one or several depending on choice of transport system) is 
the single largest excavation on the haulage level. Several alternative designs have been proposed, 
which were analyzed from a rock mechanics perspective.  

Furthermore, a preliminary support and reinforcement prognosis was also developed for these excavations, 
for the purpose of conducting cost calculations in the pre-design work. 

Previous experiences from the current haulage level (KUJ 1045) have shown that the stability conditions 
during construction generally were good. Large excavations, such as crusher chambers, were subject to block 
fallouts, primarily in the walls. However, several of the existing excavations have not been subjected to the 
critical loading condition yet, since mining is still conducted approximately 100 m above KUJ 1045. Thus, 
there are few documented experiences that can be used for comparison with analysis results. To remedy this 
situation, observations of failures in footwall drifts and cross-cuts in active mining areas (which are more 
frequent) can be used for model calibration.  

This work comprised analysis of designs produced within the framework of the pre-design process. Detailed 
rock mechanics analysis of, e.g., excavation sequences during tunnelling, as well as analysis of Phase 2, 
including the Lake ore, is outside the scope of this paper. 

3 Methodology and input data 
The rock mechanics analyses have comprised both analytical and numerical calculations. The choice of 
analysis tool was based on the type of anticipated rock failure, and the geometry and complexity of the 
studied object, while also considering the quality, amount, and uncertainty in input data. Based on failure 
observations, it was believed that two major types of failure could be expected: (i) stress-induced failures 
(shear and/or spalling), and (ii) structurally controlled failures (block fallouts). Hence, two principally 
different types of analyses were conducted: (i) two- and three-dimensional numerical stress analysis and two-
dimensional analytical stress calculations, and (ii) block analysis. Stress analysis may be used to assess the 
potential for shear failure and general overstressing of the rock (although spalling failure cannot be simulated 
explicitly). Block analysis was used to assess the potential for structurally controlled failures. For both these 
analyses, a global-local modelling approach was used. A global model was used to calculate stress 
redistribution from sublevel caving, on the mine-wide scale, whereas a local model was used to analyse 
single openings, such as a drift or a crusher chamber. Boundary conditions to the local model were thus 
extracted from the global model. The principle of this methodology is illustrated in Figure 2 (Sjöberg & 
Malmgren, 2008). 

In the global model, single drifts, shafts, ore passes, etc, were not included. Only the effects of stress 
redistribution around the sublevel caving mine front was studied. For the Kiirunavaara orebody, a two-
dimensional approximation can be made for the major portion of the orebody (excluding the end portion). A 
two-dimensional global model also requires that differences in mining depth at different locations along the 
orebody strike be neglected, i.e., it must be assumed that sublevel caving occurs at the same level (depth) 
along the orebody strike. This is generally judged to be the case at Kiirunavaara. Mining was simulated by 
opening of each sublevel from the 659 m mining level to the 1452 m mining level (a total of 30 mining 
steps). The two-dimensional finite difference code FLAC (Itasca, 2005a) was utilized for the global model. 

A local model was used to conduct stress analysis of single openings. Both two- and three-dimensional 
modelling was employed. The choice of model tool for the local model was based on problem type, 
geometry, and loading conditions. Ore passes could, e.g., be primarily analysed using a two-dimensional 
analytical model, whereas drift intersections required a three-dimensional numerical model. The calculated 
stresses from the global model were used as boundary conditions for the local models.  

Stress analysis was conducted using the finite difference programs FLAC and FLAC3D (Itasca, 2005a, 
2005b), and the distinct element program UDEC (Itasca, 2004). Only continuum analysis was conducted, 
using both linear-elastic and perfectly-plastic (Mohr-Coulomb) material models. Block analysis was 
conducted using the limit equilibrium program Unwedge (Rocscience, 2004). This program calculates the 
factor of safety for kinematically possible block fallouts, formed by pre-existing discontinuities in the rock 
mass. The possible clamping effects of in situ stresses acting on the joint planes (through increased normal 
stresses) were accounted for in the analysis.  
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Input data to the models included: (i) rock stresses, (ii) rock mass properties, and (iii) joint orientations and 
mechanical properties of joints (for block analysis). Joint orientations were taken from previous studies at 
Kiirunavaara. Virgin rock stresses were determined based on the compilation and interpretation of all 
conducted measurements in the mine by Sandström (2003). Values on the rock mass properties were 
assessed using rock mass classification combined with the empirical Hoek-Brown failure criterion, using a 
compilation of rock characterization data for the mine. Three lithological units were modelled in the global 
model— footwall, orebody and hangingwall. The variations within each lithological were considered by 
using two sets of parameter values (high and low strength and stiffness) believed to represent the range of 
rock mass behaviour. Only the low values were used for the global model, whereas both sets of strength data 
were used for the local models. To improve the possibilities of interpretation of the results, analyses were 
carried out for both the present and the future main haulage level and the results compared. 

 

Boundary 
stresses from 
global model 

σH

σH 

Global model 

Local model 
of drift

Local model 

Drift

Local model 

Ore pass local model

Ore pass 

Boundary 
stresses from 
global model  

Figure 2 Global-local modelling approach 

4 Analyses and results 

4.1 Comparisons with failure observations 
The strength parameters are considered to be the largest uncertainty in the performed analysis, since they 
cannot be measured directly. A preliminary calibration of the model was thus conducted, using failure 
observations in footwall drifts in the central portion of the mine. The failure observations showed that 
damages during drifting were small, but that the extent and severity of damages increased significantly with 
the opening of the sublevel caving on the same level. The damages were often stress-induced, but 
combinations with structurally controlled failure were also found. An example of observed damages is 
shown in Figure 3.  

The numerical analysis was performed using the global-local approach described above. From the global 
model, the stresses at the position of the studied footwall drift were extracted and used as boundary stresses 
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to a local model of the drift. The local model was analyzed for the two sets of material properties (high and 
low strength) and compared with field observations. The location and amount of yielding in the model agreed 
qualitatively with observations in the footwall drifts. The analysis using high strength values gave, in 
general, a better correlation with mapped damages, see Figure 4, although some exceptions also were 
evident. However, for the normal situation, it is probable that the high strength values are more 
representative of the footwall rocks as a whole. It should be noted that rockburst damages could not be 
analysed using these models. Rockburst problems may, however, be significant and must be considered 
when designing the new haulage level.  

a) damage in springline toward the orebody b) damage in lower portion of drift wall 

  

Figure 3 Example of observed damage in mine drift at the 878 m level 

 

Figure 4 Example of analysis results for mine drift at the 878 m level showing extent of yielded 
zones for the case of high rock mass strength 

4.2 Analysis of critical excavations on KUJ 1365 
Analyses of the different rock excavations on KUJ 1365 were conducted using the global-local methodology 
presented previously. Initially, stresses were calculated at the position of the studied object, using the global 

Figure 3a): Damage  
in springline 

Figure 3b): Damage 
in lower wall 
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model (i.e., without considering the geometry of the construction itself). This was carried out for each 
mining step. It was not realistic to perform local analysis for all mining steps (with different boundary 
stresses). Consequently, one or two critical loading conditions were defined, based on the magnitude of the 
deviatoric stresses at the location of the construction studied. An example of calculated deviatoric stresses 
for alternative locations of the crusher chamber is shown in Figure 5.  

a) Deviatoric stress, σ1 - σ2, at 240 m distance from orebody at the 1400 m level
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Figure 5 Calculated deviatoric stress for crusher chamber on KUJ 1365: a) located at 240 m 
distance from the orebody, and b) located at the hoisting system (large distance from 
the ore)[compressive stresses defined positive] 



 

 735

In some cases, the results from the global model could be used directly to compare alternative locations. For 
the example in Figure 5, it is evident that placing the crusher chamber close to the orebody results in much 
higher deviatoric stresses and thus a larger potential for instability, compared to locating the crusher chamber 
at the internal hoisting system, far from the orebody (cf. Figure 1). 

The local analyses were then performed for these critical loading conditions, for each of the studied 
excavations. The results were evaluated with respect to stresses around the excavation and the amount of 
yielding in the rock mass, and, in some cases, the calculated deformations around the openings. An example 
of numerical model geometry and analysis results for the crusher chamber is shown in Figure 6.  

Another example of a more complex geometry that was analysed is shown in Figure 7. In this case, a three-
dimensional model in FLAC3D was used to analyze the stability of a train drift intersection at the new haulage 
level. An example of the analysis results for the drift intersection is also presented in Figure 7. In both these 
cases, the results show the extent of yielding in the rock mass, which may be taken as an indication of rock 
damage and possible stability problems. By comparing different alternative design, conclusions regarding 
recommended design and location (from a rock mechanics perspective) could be proposed.  

Finally, block analysis was conducted for each proposed location and design. The safety of factor for block 
fallout was determined, while accounting for acting stresses resulting in increased normal stresses on joint 
planes, and thus an increased stability.  

a) b) 

 
 

 

Figure 6 Local numerical model for analysis of crusher chamber located at the internal hoisting 
system on KUJ 1365: a) model geometry (only crusher chamber shown), and b) yielded 
zones around the crusher chamber (at centre line) for critical load case and high 
strength 
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a) b) 
 
 

 
 
 
 
 
 
 

 

Figure 7 Local numerical model for analysis of drift intersection: a) three-dimensional model 
geometry (half-symmetric model), and b) example of calculated plasticity state for 
critical load case and high strength 

The results from the conducted analyses can be summarized as follows: 

• Ore passes. Stresses in ore pass walls are relatively insensitive to the distance between the orebody 
and the ore pass. The choice of locations (in the interval of 55 to 75 m) can thus be based on other 
factors. The stress analysis also showed that the planned minimum spacing between ore passes (c/c 
30 m) will not result in any stress interaction between two adjacent ore passes. The ore passes for 
KUJ 1365 will, however, be subjected to up to 40 % higher maximum tangential stresses in the ore 
pass walls, compared to the current ore passes for KUJ 1045. For ore passes in poor rock, and 
particularly after influence from wear and boulder impact of the transported material, damages and 
fallouts can be expected. This may result in an increased cross-sectional area, which potentially may 
lead to stress interaction between neighbouring ore passes. The ore passes must be supported to 
prevent a progressive deterioration, especially for ore passes situated in rock of poor quality.  

• Transport drifts. The stability conditions during the construction stage are judged to be moderate 
and not requiring extensive reinforcement. However, rockburst problems may be anticipated. As the 
sublevel caving progresses toward the 1365 m mining level, extensive yielding of the rock mass is 
expected for drifts located near the orebody. The stability conditions can probably be handled 
through extensive rock reinforcement. Drift intersections should be heavily reinforced and also 
excavated using smooth blasting. 
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• Chute drifts. Stability conditions during the construction stage are considered to be moderate, but 
rockburst problems can be expected. Extensive yielding is predicted when mining approaches KUJ 
1365. The two-dimensional analysis indicates that the large-scale stability of the drifts may not be 
satisfactory for this case, even when heavily reinforced. However, since the geometry is partly three-
dimensional, a three-dimensional analysis is recommended for the chosen (final) design. Plans for 
inspection and maintenance should be established as it is probable that reinforcement rehabilitation 
is required.  

• Crusher chamber. It is not recommended to locate the crusher chamber near the orebody due to the 
predicted high deviatoric stresses and the strong influence from the sublevel caving mining. This will 
necessitate installation of a reinforcement, which must be designed for the increased stresses at the 
planned end of life of the haulage level (which may be up to 20 years in the future). Alternatively, 
contingency plans for rehabilitation must be in place. By locating the crusher chamber at the hoisting 
system (at large distance from the orebody), these problems are largely alleviated. Block fallouts 
may still be expected in the walls of the crusher chamber during construction, but this may be 
handled through cable bolting. The crusher chamber will not be affected by the mining at this 
position, since the initial stress conditions (during construction) are the most critical during the 
planned life of the haulage level.  

4.3 Rock reinforcement prognosis 
A conclusion from the analyses and from the experiences during the construction of the current main haulage 
level was that strain burst problems may be expected. The analyses also showed that fairly extensive spalling 
could occur. More recent experiences have also indicated that fault slip rockbursts may be expected with 
associated damage to excavations. An interacting rock bolt-shotcrete reinforcement is required to control 
spalling and/or shear failure, as well as failure resulting from fault slip events. Surface reinforcement is also 
required for rockburst problems. The shotcrete should be fibre-reinforced to protect against strain bursts and 
to secure interaction with bolts. The bolting should be systematic for the same reasons. Presently, grouted 
rebar bolts are used in Kiirunavaara, but alternative and more ductile bolts, being able to sustain larger 
deformations, may be required for KUJ 1365.  

A preliminary reinforcement prognosis was developed, based on: (i) results from the numerical analysis 
described above, (ii) practical experiences at LKAB, (iii) reinforcement suggestions from the Q-system 
(NGI, 2005), and (iv) experiences from Norway (Nilsen & Palmström, 2000), Australia (Brady & Brown, 
1999), and Canadian mines. The prognosis should be regarded as a minimum reinforcement for normal rock 
conditions. Different reinforcement schemes were proposed for each construction (transport drifts, chute 
drifts, crusher chamber), which included fibre-reinforced shotcrete (50 kg/m3 Dramix 65/35 or similar) of 
70–100 mm thickness, and systematic rock bolting (c/c 1.5 m), supplemented with cable bolting for drifts 
with larger cross-sectional area. A separate project dealing with pre-reinforcement/support of ore passes was 
also initiated, in which different types of wear-resistant concrete linings are studied.  

5 Discussion and conclusions 
The construction of a new main haulage level at Kiirunavaara will give rise to rock mechanics challenges. 
With increasing mining depth comes an increase in both primary (virgin) and secondary (mining-induced) 
stresses, leasing to an increased likelihood of stability problems. This paper has described a methodology by 
which excavations planned for KUJ 1365 can be analysed from a rock mechanics perspective. The 
methodology and the project results were directly applicable in the pre-design work for KUJ 1365, in which 
they were used as a basis for decisions regarding e.g., choice of transport system, and location of critical 
excavations. The work also resulted in a preliminary reinforcement prognosis for excavations on KUJ 1365, 
to be able to do cost calculations in the pre-design work.  

 

 

 



 

 738

Continued work for the construction of KUJ 1365 should include: 

• Development of a detailed pre-investigation program for KUJ 1365, including supplementary core 
drilling, rock stress measurements near the orebody, and an improved rock mass characterisation 
aiming at delineating design sectors (along the orebody) with respect to differences in strength and 
stiffness.  

• Three-dimensional numerical modelling of chute drifts (for final layout). 

• Detailed analysis of critical excavations (e.g., crusher chamber) with respect to excavation sequence 
and rock reinforcement (as needed and for final layout). 

• Analysis of the transfer from the present to the new haulage level, including the option to prolong 
the life of the current haulage level for production from the Lake ore (cf. Figure 1).  

• Analysis of footwall drifts for sublevel caving toward the new haulage level, to assess stability 
conditions for future mining production. 

• Verification of stress redistribution near the sublevel caving front through stress monitoring. It 
should be noted that this is a long-term project, which does not necessarily benefit the design for 
KUJ 1365. However, the work is important to increase the confidence in numerical modelling for 
continued mining at depth.  
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Abstract 
The convergence advancing of the Ten 4 Sur Sector towards Isla Mine has generated changes in the 
behavior of the Ten 4 Sector. These changes are related to damage condition that has shown the rock mass 
in that zone and also related to important increases in the seismic activity of the sector. Since February 2003 
until now, the Center-West (also called Center-Hw) zone of Ten 4 Mine, which represents the convergence 
zone among sectors Ten 4, Isla (Pick Hammers and Preundercutting) and Isla LHD, experienced an increase 
in the seismic activity, which was characterized by the occurrence of seismic events with high magnitude 
(between 1.0 to 3.0). This seismic activity in some cases generated minor to moderate damages in that zone, 
associated to rock burst occurrence.  

This particular study identified the main contribution of two relevant aspects in the damage generation. The 
first one was related to the interaction that exercised the incorporation of a new productive sector in that 
zone (in this case Isla LHD), and the second associated to the effect that generated in this convergence 
pillar, the high mountain effect, which generated an increase of the loads (stresses) toward the Center-Hw 
Sector, due the reduction of pillar size during convergence advances. 

1 Introduction 
The convergence of the Ten 4 Sur Sector toward the Isla Mine generated several important changes into the 
rock mass as well as in the seismic activity of the Ten 4 Sur Sector. This situation motivated the 
development of differents geomechanical analysis, which showed de-stressing, unraveling process and 
seismic activity in the rock mass of this area, caused by the mining activity carried out toward the zones of 
pillar convergence (Ten 4 Sur, Isla and Isla LHD Sectors). This situation was observed since year 2003 until 
now. These evidences permitted to identify years 2003 and 2006, as the most critical in terms of seismic 
behavior and damage into the rock mass of the sector.  

2 Teniente 4 Sur Mine 

2.1 Mining method 
The applied mining method corresponds to Conventional (Postundercutting) Panel Caving. Respect to the 
advance of mining, the undercutting and drawing fronts are practically coincident in their position and the 
drifts of the production level are completely built ahead the undercutting front, so being affected directly by 
the abutment stress in the Transition Zone (see Figure 1). 

CONVENTIONAL PANEL CAVING

TEMPORAL SUPORTDEFINITIVE SUPORT

Undercut Level

Production Level

CONVENTIONAL PANEL CAVING

TEMPORAL SUPORTDEFINITIVE SUPORT

Undercut Level

Production Level
 

Figure 1 Conventional (Postundercutting) Panel Caving. 
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2.2 Geology and Geotechnical Aspects (Geology and State of Field Stresses) 

2.2.1 Lithology & Geological Structures 

The Center-Hw Sector of the Ten 4 Sur Mine between Calles 1R and 21L, which is the zone of convergence 
of Ten 4 Sur and Isla Sectors, it is mostly emplaced in Tonalite (Diorite), CMET (former Andesites), Igneous 
Diorite Breccias and Anhydrite Breccias.  

On the other hand, towards South-East (or South-Fw) Sector, it is recognized a lamprophic dyke, which is 
parallel and has less width and trace length compared to the principal one (emplaced in the North-West 
sector). This dyke has an orientation N60ºE, with variable width and dips. There is no expression of this 
dyke in several drifts, coinciding with a Main Fault, which is called Teniente Sur-Sur 1 Fault.  
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Figure 2 Geology and Structures Central Sector of Ten 4 Sur (between Calles 3R a 23L). 

The main structures in the zone are classified into three sets: (1) N45º-60ºE/subvertical, (2) N60º-
80ºE/subvertical and (3) N0º-30ºE/subvertical. According to their length and width it is possible to recognize 
7 faults: 4 faults belonging to the set (1) and 3 faults belonging to the sets (2) and (3). These last structures 
have a preferential orientation North-South and N26ºE, and are also recognized in the Isla Sector. 

2.2.2 Stresses Field State 

The average state of stress field in the sector (pre-mining condition) is shown in Table 1. Plunge negative is 
below the horizontal plane. 

Table 1  Stress Field State (pre-mining condition) Teniente 4 Sur 

Principal stresses Magnitude(MPa) Azimuth (º) Plunge (º) 

S1 (major) 35.3 327.2 -39.4 
S2 (intermediate) 28.2 200.8 -35.8 

S3 (minor) 19.5 85.9 -30.3 

2.3 Location, Neighbouring Sectors and Mining 
There are 3 mines surrounding the zone of study, which are: Ten 4 Sur, Isla and Isla LHD. Figure 3, 
represents a three-dimensional view of the zone, describing the different sectors and the projections of their 
subsidence. The west side (Hw) represents the forcing sector of Ten 4 Sur (between Calles 7R and 5L Hw). 
Furthermore in Figure 3 is represented the geometry of the pillar of rock generated due to the convergence of 
the sectors (in March 2006). 
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Figure 3 Three-Dimensional View and Representation of the Convergence Zone, Ten 4 Sur and 
Isla Sectors (March 2006) 

3 Convergence Behavior of the “Nudo Isla” Pillar 

3.1 Seismic Activity in the “Nudo Isla” Pillar, Period 2001-2006 
During year 2001 the sector registered a total of 999 events, with magnitudes -1.1 to 2.0. These seismic 
events were mainly located at the south zone adjacent to the undercutting front, and could be associated to 
the geometric singularity generated by the undercutting advance in the referred period, as it is shown in the 
Figure 4. 

Ten 4 Sur Sector

Ten 3 Isla Sector

Undercutting Front
Ten 4 Sur, Year 2001

Ten 4 Sur Sector

Ten 3 Isla Sector

Undercutting Front
Ten 4 Sur, Year 2001

 

Figure 4 Seismic Activity Ten 4 Sur Mine, Year 2001 

The seismic activity registered in the zone indicates a high occurrence of events during years 2003 and 2006, 
with 7,738 and 7,536 events respectively. During these years, 122 and 120 seismic events have relevant 
magnitudes (Mw>1.0), respectively (see table 2). This situation indicates an increase of the seismic activity 
during these years, representing a high vulnerability condition. 

The analysis of the seismic activity during year 2003 indicates a high increase since February, reaching a 
peak of 2,432 events per month in August 2003 and a subsequent reduction on November (see Figure 6). 
This seismic activity was centralized in the pillar convergence zone (also called “Nudo Isla”), and was 
characterized by the occurrence of events with high magnitude (Mw>1.0), and high tension component 
(unraveling) associated to rock mass failure process. 
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Table 2 Summary of Seismic Events & Rock Bursts in the “Nudo Isla” Pillar, Period 2001-2006 

Summary Seismic Activity & Rock Burst, Period 2001-2006 

Year Events Relevant Events 
(Mw>1.0) Rock Burst 

2001 999 19 3 
2002 1341 19 3 
2003 7738 122 6 
2004 4824 45 0 
2005 2046 49 0 
2006 7536 120 1 

 
Ten 4 Sur Sector

Ten 3 Isla Sector

Undercutting Front
Ten 4 Sur, Year 2006

Ten 4 Sur Sector

Ten 3 Isla Sector

Undercutting Front
Ten 4 Sur, Year 2006

 

Figure 5 Seismic Activity in Ten 4 Sur Mine, Year 2006 

The previous aspect could be directly related to the mining activity carried out in the Isla LHD in that period, 
because there is a timely coincidence between the peak and reduction in the seismic activity and the mining 
exploitation in the Isla LHD Sector (see Figure 6). In that way, the start of production (February 2003), the 
connection to the cavity of Ten 3 Sector (July-August 2003) and the end of undercutting (Nov-Dec 2003) of 
the Isla LHD Sector, are coincident with the seismic activity registered that year.  

Monthly Seismic Activity Nudo Isla Pillar
Period January 2001 to December 2006
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Figure 6 Monthly Seismic Activity, “Nudo Isla” Pillar, Period 2001-2006, Ten 4 Sur Sector 

As was described above, a similar situation occurs with the relevant seismic events (Mw>1.0), since March 
2003, there is a high increase in the seismic frequency in Nudo Isla” Pillar zone, registering a peak of 24 
events in July and a decrease in December 2003 (see Figure 7). 
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During year 2006, seismic activity shows an increase since January, reaching a peak in August, and showing 
a drop in September. This could be related to two main aspects: the first one would respond to the extraction 
increase registered in the Center-Hw zone of Ten 4 Sur (Calles 1L to 9L) since January, and also related to 
the re-starting of undercutting for this zone in the April-May period. The second aspect would be associated 
to the end of extraction in the Isla LHD Sector, which would cause the go down in the seismic activity of the 
zone (see Figure 7).  
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Figure 7 Relevant Seismic Events (Mw > 1.0), “Nudo Isla” Pillar, Period 2001-2006, Ten 4 Sur 
Mine 

On the other hand, after the radiated energy analysis by the seismic events in “Nudo Isla” Pillar zone, it is 
possible to establish that in the period January 2003 to February 2004 there was (on average) the highest 
radiated energy of the total period (January 2001 to December 2006), registering average values from 6.3 x 
104 (J) to 2.7 x 107 (J), and a maximum peak of 108 (J). This is a higher condition of energy regarding to year 
2006, when it was registered an average value between 2.0 x 104 (J) to 3.0 x 106 (J), with a peak of 2.0 x 107 
(J). It is important to remember that during year 2003, the Ten 4 Sur Sector registered a total of 6 rock bursts 
with minor level of damage, mainly in the undercutting and production levels, representing 86% of all the 
rock bursts of the years 2003-2006 period (7 rock bursts occurs in the whole period), with 827 meters of 
damage in the galleries, representing 95% of the total damage for the whole period.  

Average Radiated Energy by Relevant Seismic Events (Mw>1.0) Nudo Isla Pillar
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Figure 8 Average Radiated Energy by Relevant Seismic Events per Month, “Nudo Isla” Pillar, 
Period 2001-2006, Ten 4 Sur Mine 

Respecting to energy release associated to longitudinal (P) and transversal (S) seismic waves, and the Es/Ep 
ratio, the tension component was the main failure mechanism for all seismic events as well for relevant ones, 
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registered in the pillar during the period 2003-2006, and only few seismic events with a higher shear 
component that would be related to the presence or activation of main geological structures in the sector, 
such as Ten Sur 1, Isla 1, Isla 2 and Ten Sur-Sur 1 Faults (see Table 3).  

Table 3 Es/Ep Ratio for the Seismic Events in the “Nudo Isla” Pillar, Period 2003-2006 

Es/Ep Ratio for the Seismic Events, Period 2003-2006 

Total Events Relevant Events (Mw>1.0) 
Es/Ep Nº of 

Events Percentage (%) Nº of 
Events Percentage (%) 

Es/Ep < 20 17249 81% 241 88% 

Es/Ep > 20 4089 19% 33 12% 

Total 21338 100% 274 100% 

Regarding another matter, the apparent deformation analysis that suffers the rock mass in this zone, due to 
mining activity carried out in the period 2003-2006, describes the following aspects:  

During year 2003, the rock mass showed a larger deformation toward the Western Side (Hw) of the sector, 
which is the limit zone between Ten 4 Sur and Brechas Sectors, as well as same deformations toward the 
south and north edges of the “Nudo Isla” Convergence Pillar (Calles 1R to 7L), and in all the pillar zone, 
from the undercutting front to the Hw-Dr-Sur Access, (between Calles 9L to 17L). The situation for the first 
case (Western Side) would be related to a de-stressing process that was generated in the zone of the Braden 
Pipe edge, due the advance of extraction and rupture of the zone Hw in the forcing Sector. The second case 
(Calles 1R to 17L), would be related both the extraction of the El Teniente 4 Sur Sector and the 
incorporation of Isla LHD Sector which would generated the activation of the south wall of the “Nudo Isla” 
Pillar. For this year is important to emphasize the presence of a zone with smaller deformations emplaced in 
the central zone of the pillar, between Calles 1L to 7L.  

During year 2004 (see Figure 9b), in analogous way to the previous case, a highest deformation was 
observed into the south and north edges of the convergence pillar, between Calles 1R to 9L and in all of the 
pillar zone, from the undercutting front to the zone located at the south of the Hw-Dr-Sur Access, between 
Calles 9L to 19L. In this period an increase of deformation in the Isla LHD Sector occurs, which is 
coincident with the highest deforma tions in the Ten 4 Sur Mine. In the same way, it is observed that a 
slight increase of deformations occurs in the central sector of the pillar, between Calles 1L to 9L.  
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Figure 9 a, b Apparent Volume (seismic deformation) in the zone of “Nudo Isla” Pillar, for years 
2003 a) and 2004 b) 
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Figure 10 Apparent Volume (seismic deformation) in the zone of “Nudo Isla” Pillar, year 2006 

Year 2006 in turn, shows that the highest deformations are located mainly towards the south edge of the 
“Nudo Isla” Pillar, between Calles 5L to 15L, and less deformations towards the north edge of the pillar, that 
would be caused by the mining activity carried out in the Isla LHD sector, activating the south wall of the 
“Nudo Isla” Pillar during the exploitation stage of mining. This high deformation is coincident with the 
presence of Ten Sur-Sur 1 Fault and the Lamprophic Dyke. 

3.2 Rock Mass Condition 
During year 2001, the damage observed in the rock mass is coincident with the geometry of the undercutting 
front, with the highest damages in the Center Zone of the sector (Calles 7L to 15L), associated with an 
lagging of the sides Western (Hw) and Central of the undercutting front. This damage would be associated to 
an abutment stress effect, with the highest extension of damage located in the area of Calles 7L to 13L (see 
Figure 11 a).  

In turn, on April 2003 (Figure 11 b), the damage evaluation shows a poor condition of the rock mass in the 
area comprised by the Calles 3L to 9L with less extension of damage compared to year 2001. Thus an 
increment of damage in the south limit of Calles 3L to 11L is observed (this is the zone of convergence with 
the Isla Sector), which would be associated to a de-stressing effect in the “Nudo Isla” Pillar. In the same 
way, on October 2003, an increase of damage in the south area of Calles 3L to 11L and 15L to 17L is 
observed, reaching in the first case the Hw-Dr-Sur Access in the area of Calles 3L to 5L. For this year, no 
changes in the damage condition are observed in the remainder area of the undercutting level (Center Zone).  

20012001 2003
Increase of Damages, 

associated to unconfinement of
the Nudo Isla Pillar

2003
Increase of Damages, 

associated to unconfinement of
the Nudo Isla Pillar

 

Figure 11 Rock Mass Condition in the Undercutting Level (UCL), for Years 2001 and 2003 Ten 4 
Sur Mine 

On April 2005 a poor condition of the rock mass in the area of Calles 1L to 9L is observed, with a high 
increasing in the extension of damage in the Ten 3 convergence area. In the remainder area of the sector, the 
damages show smaller lengths compared to previous years, with reduction of damage toward the East of the 
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sector. Several local damages are observed in the area of Calles 15L to 19L, which are coincident both in 
location and orientation (N45º-60ºE) respect to Ten Sur-Sur 1 Fault. 

Finally, geomechanical evaluations carried out on year 2006 (March and September), show an increase of 
damage in the Center-West (Center-Hw) zone of Ten 4 Sur (zone of pillar convergence), specifically in some 
areas of Calles 9L and 11L (approximately 60 m). These damages are located in a zone that is influenced by 
geological structures associates to Ten Sur-Sur 1 Fault, which were activated by the advance of undercutting 
(see Figure 12). It is important to note that there was a high increase of damage in the “Nudo Isla” Pillar. 
According to the last point, the zone that represents a regular condition of the rock mass on year 2003 (blue 
color) did change into a poor condition (red color) on year 2006 (see Figure 12).   

Increase of Damages, related
to year 2003

2006Increase of Damages, related
to year 2003

2006

 

Figure 12 Rock Mass Condition in the Undercutting Level of Ten 4 Sur, September 2006 

3.3 Analysis of the Evolution of the Geometry in the “Nudo Isla” Pillar, for the Period 2001-
2006 

During the convergence of the Ten 4 Sur Sector advances towards the Isla/Brechas sectors, the convergence 
pillar suffered an important reduction in its area. This situation could have modified the state of stresses in 
the pillar so increasing the acting loads (stresses) which go down from the high mountain through the pillar 
(Figure 13 a and b).  
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Figure 13 a – b Geometry and Stress Flow in the “Nudo Isla” Pillar, Years 2001-2006, Ten 4 Sur Mine 
(Plan View). 

Clearly (from the conceptual model), during year 2001 the flow of loads that go down from the high 
mountain has a greater area where to be distributed, situation that begins to change insofar as the closing of 
the pillar advances toward the East. In fact on year 2003 an important decrease in the area of the pillar (35%) 
is produced, regarding to year 2001. A summary of this situation is described in Table 4. For the whole 
period (2001 to 2006) the pillar experiment a reduction of area of about 76%, so remaining on November 
2006 a 24% of the initial area of the pillar. 
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Table 4: Reduction of Area (“Nudo Isla” Pillar), Period 2001-2006 
Reduction of Area (%) Year Area (m2 ) Yearly Cumulative 

% Regard to 
Initial Area 

2001 85.124 ---- ----- 100 
2002 71.040 16 16 84 
2003 55.511 19 35 65 
2004 46.840 10 45 55 
2005 34.447 15 60 40 
2006 20.363 16 76 24 

In such a way, upon analyzing the decrease of area that experienced the pillar and the possible increase of 
loads (stresses) from the high mountain, two aspects can be emphasized: the first one of them would be 
related to major fissures (cracks) generated at the level of the cavity in the East (Fw) Wall of the “Nudo Isla” 
Pillar, and the second one related to the location of the seismic activity in the pillar insofar as the 
convergence advances. 

Regarding to the first point, since December 2004, it was possible to observe cracks in the area of the East 
(Fw) Wall of the pillar, which began to be more evident and increase their extension, so involving a length of 
620 meters from the line of the crater in the period February-March 2006 (see Figure 14). In the period 
March - November a high sliding of material from the wall toward the cavity is produced, resulting in a 
change of the crater limits in this zone of approximately 240 meters (see Figure 15). This sliding of material 
would be a consequence of the failure mechanism in the sector, associated to stress increasing from the high 
mountain during the gradually reduction of the pillar area insofar as the convergence advances from the Ten 
4 Sur Sector to the Isla Sector. 
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Figure 14 Cracking and Changes of the Crater Limits in the “Nudo Isla” Pillar in November 2006 

Regarding to the second aspect, a high concentration of seismic activity in the pillar (Calles 13L to the West) 
was observed. This situation is coincident with the geometry of the pillar in this area (with a height reduction 
from Calle 13L to the West). The previous thing would have generated a higher concentration of stresses 
toward this sector (see Figure 16). Therefore, this condition added to the high mountain effect increased the 
possibilities for breakdown occurrence (seismic events) of the rock mass inside the pillar. This situation was 
more evident since year 2005.  

The increase, both in the stress level and the seismic activity occurrence, generated damage and high over-
break in the rock mass surrounding the drifts of the Ten 4 Sur Sector, situation that was easier to observe 
through the analysis of the changes in the rock mass condition, showing a clear increase in the level of 
damage in the zone of Calle 13L to the west, in the undercutting and production levels of the Ten 4 Sur 
Sector.  
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Figure 15 Represents the area situated at the South-West of the Ten 4 Sur Sector which shows a 

great number of cracks, fissures and “knives” formation, thus generating an unstable 
zone in the border of the crater. 
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Figure 16 SE-NW Section which represents the stress flow in the “Nudo Isla” Pillar and its 
associate seismic activity (high magnitude events, year 2006). 

All the previous aspects describe the changes that experienced the East Wall in the “Nudo Isla” Pillar in the 
period 2005-2006, as a consequence of the mining activity carried out in the Ten 4 Sur and Isla LHD Sectors 
and indicates the possible mechanism associated to the effect of the high mountain in the pillar, thus 
increasing the level of stresses due the convergence (reduction of area) of the pillar, with a high 
concentration of seismic events since the end of 2005 (see Figure 17). 
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Figure 17 Zone of cracking and concentration of seismic activity in the “Nudo Isla” Pillar, August 
2006. 

4 Final Comments & Conclusions 
1. The convergence of productive sectors generated a de-stressing and un-raveling process of the 

rock mass in the pillar conformed by the Ten 4 Sur and the Isla Sector, which could be 
demonstrate through the information of the seismic activity and the changes of the rock mass 
observed in the period 2001-2006.  

2. The incorporation of the Isla LHD Sector placed in the “Nudo Isla” Pillar generated a high 
reduction of confinement in the South Wall of the pillar (in the zone closed to the cavity of the 
Isla LHD Sector), that had been reflected by damage in the galleries, increase of rock mass 
deformation and seismic frequency.  

3. The experience of damage and unraveling of the rock mass surrounding the drifts of the affected 
zone, justify the development of adequate reinforcement and support designs, that accomplish 
high condition of damage -for productive sectors that could suffer a convergence process- thus 
considering: structural (e.g. faults) activation, wedge falling and high rock mass deterioration, 
that finally implies the reduction of stability for a whole productive layout. 

4. According to the analysis, for mining sectors that could be affected by convergence process it is 
necessary to define strategies which reduce the effect of principal stresses (from the high 
mountain) in the rock volume to be exploited, with the purpose of reducing the damage in the 
rock mass.  
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Abstract 
The Iscaycruz mining area, located in Andes in Peru, includes 4 zinc economic deposits that are being 
mined. The deposits are sub-vertical seams of poly-metallic ores and the geomechanical country rock 
conditions vary from bad to good quality. Based on the wide experience of the authors in the development of 
underground mining methods in this type of zinc deposits, and once open pit mined the upper part of Tinyag 
deposit, it was planned to go on exploiting underground by means of the sub-level caving method. The basics 
of the mine design are firstly described. An application of a numerical model to estimate the possibility of 
large circular failures affecting the hanging-wall is presented. An assessment is performed on the subsidence 
response to two different possibilities of the open pit (with fill or unchanged). The caving features are also 
numerically analysed by means of discrete element methods, opening new possibilities of analysis. 

1 Introduction 
Iscaycruz mining area is located in the western range of the Andes, 320 km NNE Lima, in Peru (Fig 1.a). 
The owner is the mining company Los Quenuales S.A. The deposits are sub-vertical seams of poly-metallic 
ores with grades up to 14 % zinc. These seams are located in sedimentary rock formations, formed by pelitic 
Jurassic sediments followed by Cretaceous sediments, being more clastic on the wall and limier at the top. 
The intrusion of igneous rocks in these formations originated metallic deposits in meta-somatic and skarn 
areas (Fig.1 b.). 

The company started with the mining of the Limpe Centro orebody by means of underhand cut-and-fill 
method from sublevels with long-holes and back-filling the stopes with cemented aggregate fill, achieving a 
production of 1,000 tons per day. In Limpe Centro, the mining strategy has changed to overhand cut-and-fill 
with cemented aggregate and also paste fill. Presently, three new ore-bodies are under exploitation: Chupa, 
Tinyag & Rosita, consisting of sub-vertical seams ranging from 8 to 35 m thick (Fig.1.b). In this way, a 
production of 4,000 tons per day has been recently reached (Cuadros et al., 2007). The Chupa orebody is 
mined with sublevel open stoping with cemented aggregate fill. The upper parts of the Tinyag and Rosita 
ore-bodies have been open pit mined (Fig 1.c). The lower part of Tinyag, which can be described as a lens-
shaped skarn, 3 to 29 m thick and 7.7% Zn grade deposit (Fig. 1.d.) has just started by sublevel caving. A 
classic draw point, corresponding to this type of mining, is shown in Fig. 1.e.  

In the following, a general view of the design and starting of the mine Tinyag, by means of sublevel caving 
is presented. The first developments of the mining method selection were proposed by the authors, based on 
the study of classical texts (Kvapil, 1992; Page & Bull, 2000) and on the experience on the geomechanical 
topics of the method of the first of the authors, who designed, started and developed the sublevel caving 
(SLC) Rosaura mine, located some hundred kilometres away from this area also in the Andean Cordillera. 
The first design of the mine was also submitted to consideration to a Chilean consultant company, which also 
proposed a basic design (Krstulovic & Ovalle, 2004). Finally, and with the help of some numerical models to 
contrast particular strategies suggested in the preliminary study phases, a final design was proposed and 
implemented. In what follows, the design process of the mine is outlined and some numerical techniques 
applied are also commented.  
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Figure 1 Information on Iscaycruz mining area. a) Location of the Iscaycruz area on a map of 
Peru, b) General geological arrangement and location of the different mines and mine 
premises, c) General view of the Tinyag (lower) and Rosita (upper) open pit mines, d) 
Tinyag ore-body 3-D view and e) Typical draw-point on a sublevel caving zinc mine. 

2 Geology and rock mass characterization 

2.1. Regional Geological setting 
The Iscaycruz area is found in a sedimentary environment, belonging to the Andean cretaceous basin. This 
basin is structurally characterized by a series of folds and thrusts very representative of the western range of 
the Peruvian Andes. The Cretaceous rock series are composed in their lower parts by clastic rocks including 
sandstone, siliceous sandstone and limestone, belonging to the formations Oyón, Chimú, Carhuáz and Farrat. 
The upper part consists of a sequence of limy rocks together with some bituminous shale corresponding to 
the formations Pariahuanca, Chulec, Pariatambo y Jumasha. Igneous rocks, including tonalite, dacite and 
granite porphyry, have intruded these sedimentary rocks formations. Finally, tertiary age volcanic rocks, 
corresponding to the Calipuy formation, have discordantly covered the sedimentary formations. 

During the Andean orogeny, the sedimentary sequence was intensely folded, mainly in the direction N-20º-
W. In the Iscaycruz area the dip of bedding is 70 to 80 º NE. The anticlines and synclines extend for various 
tens of miles, intertwined with thrust areas parallel to the principal strain axis. Various sets of faults –in 
directions parallel and normal to the ore bodies– complete this complex geological picture of the mine area.  

2.2. Geology of Tinyag deposit 
Tinyag deposit is lens-like orebody of N-35º-W direction and dipping between 65 and 70º NE. It is in 
average 17 m thick, varying from 3 to 29 m, with 210 m length and it has been studied up to a depth of 160 
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m. The ore is disseminated within a skarn formation, where massive bodies of sphalerite, pyrite, chalcopyrite 
and magnetite appear. Zinc grades up to 29 % have been observed within the body, but the average grade is 
around 7.7 % Zn. The complete sedimentary series appearing in the zone of Tinyag is shown in the 
schematic cross-cut of Figure 2. It includes the formation Carhuáz in the foot-wall –basically formed by 
mudstone–, the formation Santa –initially formed by limestone and sandstone and intruded by the 
mineralised Skarn in the Tinyag area– and the formation Chimú in the hanging-wall, comprehending a thick 
pack of quartzite of average grain size, massive texture, and whitish colour. This last quartzite is bedded and 
forms the highest peaks in this mountain area. At first sight, the geomechanical quality of the ore is average 
to bad, and that of the hanging wall is very bad. The footwall presents average rock mass quality. 

 

Figure 2 Detail of the Iscaycruz mining area geology. Cross-section of the geology of ‘Tinyag’. 

Rock mass characterization of the materials affecting Tinyag mine 
Iscaycruz manages an updated geomechanical data-base. As part of the routine work, the Department of 
geology performs geotechnical mapping of the underground and open mine works, as well as in the drill 
cores obtained for mining investigations. Information is formatted according to ISRM suggested methods 
(Brown, 1981). The basic information of the geotechnical mapping includes type of rock, rock mass quality 
and joint sets. It includes geomechanical features, weathering and water level for every joint set identified. 

2.3.1 Rock masses structure 

More than 500 discontinuities have been measured in the zone of the deposit, which once analysed have 
shown to belong to three joint sets, the first of which can be considered parallel to bedding (057º/70º), being 
the two other ones normal to this one and dipping around 70º (152º/68º & 321º/69º) (Figure 3.a). These two 
last joint sets can be considered as cross-joints to the general bedding dividing the strata in rhombus-like 
shaped elements. This structure is considered to be highly convenient in what concerns the cavability of the 
ore rock mass (Figure 3.b).  

The ore and skarn, and the sandstone, shale, mudstones and quartzite present average spacing from 6 to 60 
cm, apertures from 0.1 to 1 mm, continuities from 3 to 10 meters, lightly rough surfaces with weak fills, 
moderated weathering, and water conditions between wet and dripping. The rock mass quality of every rock 
mass is controlled by its compressive strength. The pyrite is structurally different from the rest of materials, 
for it presents a soil aspect in which no joints can be identified.   
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Figure 3 Major planes of the ore and walls rock masses and b) scheme of the rock mass 
structure. 

2.3.2 Rock mass quality and rock strength 

RMR has been used for characterizing the quality of the rock masses affecting the mine, starting from the 
data of the Department of geology. A verification process was carried out, by comparing these data with in-
situ data from Tinyag open pit. In Table 1 the average values of the RMR for the different rock masses are 
presented. Also the average compressive strength (U.C.S.) of every rock as estimated from Schmidt hammer 
rebounds, geologist hammer response and some laboratory tests –when possible– is included in Table 1. 
Finally average values from the Hoek parameter mi are given as obtained from laboratory triaxial testing –if 
possible– or assessed from literature. Once considered all these topics and possible role of joints, every rock 
is assigned a material behaviour model (Mohr-coulomb, ubiquitous joint or strain-softening) and the basic 
parameters are calculated according to standard techniques (Rocscience, 2002) and shown on Table 2. 

Table 1 Rock mass quality, compressive strength and mi value of the different rocks encountered. 

Rock Mass RMR U.C.S (MPa) mi 
Pyrite 26 5 10 
Sandstone 30 15 15 
Shale 32 20 40 
Quartzite 45 55 20 
Ore 38 20 12 
Skarn 40 25 15 
Mudstone 43 50 6 

Table 2 Basic geomechanical information for the different material involved in Tinyag mine. 
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3 Mine design 
Tinyag orebody represents the continuation towards south of the Limpe Centro deposit. This body is around 
200 m long. Tinyag is 3 to 29 m thick. The 7.7 % zinc ore is disseminated in a skarn and it forms massive 
sulphide bodies. In what concerns the country rocks: pyrite, oxides and silica horizons with quartzite and 
shale appear sequentially in the hanging-wall. Beds of pyrite, mudstone and altered mudstone appear 
sequentially in the footwall.  

Since the body was almost outcropping, its mining was performed by means of open pit mining, representing 
around 20 % of the ore entering the plant. The rock mechanics program focused on the design and on the 
control of open pit slopes. Final general slopes varied between 42 to 49º dip, with 6 m high benches inclined 
between 55 and 60º. In the western walls of the Tinyag pit, it has been necessary to use cable-bolts in order 
to reinforce the stratified rock dipping toward the slope. The Tinyag pit has already been mined out up to its 
economic bottom (Figure 1.c). 

3.1 Mining method selection 
Since once attained the economic limit ratio, there was still ore below the pit, it was decided to mine 
underground the lower part of this ore-body. The mine method selection could be based on the method by 
Nicholas & Marek (1981) to find out the sublevel caving mining method as a suitable option. If we take also 
into account the average operational costs we would find that after block and panel caving (unsuitable for 
seamed deposits), room and pillar (not reasonable for sub-vertical deposits) and sublevel stoping 
(inconvenient for low strength rocks) the cheapest mining method would be typically sublevel caving. The 
experience of the authors is that in deposits such as Tinyag and due to the bad quality of the hanging wall 
and its high dip, the sublevel caving (SLC) method is the most suitable one. 

Sublevel Caving Design 

3.2.1 Basics 

To define the geometrical features of the SLC method to be applied, the size of drifts is a good starting point. 
Since in the Iscaycruz mining unit, Tinyag is the third underground mine opened, it has been considered 
convenient to keep constant size of drifts, drift advance equipment and other characteristics to facilitate 
changeability of workers and machines. Therefore, 3.5 m wide and 3 m high drifts will be used. This size is 
compatible with the use of standard load (4 yd3 scoop-trams) and perforation (SIMBA-H281) equipment. 
This size will be increased up 4 m x 4 m high in straight ramp zones and 5 m wide x 4 m high in ramp 
curves.  

Together with classical literature (Kvapil, 1992; Bull & Page, 2000; Laubscher, 1994; Rustan, 2000) and in 
order to define the most suitable geometrical design for Tinyag SLC, the experience of the authors basically 
comes from the design of Rosaura Mine (Córdova, 2004). This is a mine with a similar ore type where 
physical models of the behaviour of ore were performed (Figure 4.a), suggesting the following widths and 
heights of the extraction ellipsoids –later in-place confirmed–, which are compared to classical Kvapil (1992) 
results in Table 3.  

Table 3 Experimental curves of the extraction ellipsoid. Width (W) versus Height (H) 

Kvapil (1992) - standard Rosaura results – physical modelling 
W H W H
5 18,6 5 22,3

5,5 19,3 5,5 23,2
6 20 6 24

6,5 20,9 6,5 25
7 21,2 7 26
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To introduce a numerical approach to the topic of the estimate of the extraction ellipsoid accounting for the 
orientation of discontinuities in the rock mass, the discrete element method UDEC (Itasca, 2005) is used to 
model a cross section of a draw point where the ore is extracted by blasting and gravity flow. Obviously 
blasting shatters the rock near the drills, but we still think the pre-existing joints may help the gravity flow. 
The model was built considering three joint sets that regularly divide the rock mass into blocks. Blasting is 
simulated setting the cohesion of the material joints to zero and letting the blocks to slide freely into the 
opening. After blasting, the material flows due to gravity and it is extracted periodically from the opening. 
The geometrical features of the ellipsoids are reasonably recovered (Figure 4. b). This opens a research line 
to study the role of spacing and dilation of joints and the interactive draw. Obviously more advanced 
modelling techniques have been applied to this problem (DeGagné & McKinon, 2005; Pine et al., 2006) but 
some of them do not account for discontinuities, which the authors believe, may play a non-negligible role.  

 

Figure 4 a) Physical modelling of the extraction and loosening ellipsoids as performed for 
Rosaura mine. b) UDEC verification of the extraction ellipsoid for Tinyag.  

3.2.2 Initial design. Longitudinal SLC 

Since the tabular orebody was not particularly thick, but its continuity was quite good, in a first approach 
(Krstulovic & Ovalle, 2004) the longitudinal SLC method was considered flexible enough to mine Tinyag. 
The longitudinal version of the SLC was also able to suit the irregularities and discontinuities of the mass. 
The hanging wall in Tinyag is very weak. This contributes to a good caving behaviour of the rock but 
increases dilution, which should be controlled at all times. 

With the corresponding sizes of the extraction ellipsoids and in Figure 5.a (Krstulovic & Ovalle, 2004) it is 
graphically shown the interacting of the extraction ellipsoids with the geometry of the seam (in its thickest 
part), in order to define the sublevel height. Most of the ellipsoids correspond to 24 m high and 6 m wide 
case. Based on this geometrical approach, with extraction ellipsoids as defined in Table 3, the nominal 
quantity of ore and the dilution was calculated for various sublevel heights to find that -to minimise dilution- 
11 to 12 meter high sublevels would be appropriate.  

After balancing mining cost and recovery-dilution, it was decided to choose the 12 m height. This figure also 
coincides with the sublevel height of the contiguous cut & fill ‘Limpe-Centro’ mine and permits to keep the 
longest drill below 15 m, this operational features being very helpful for the mining company daily work. 
This low figure of sublevel height is a geometric result due to the low dip and moderate thickness of the 
seam, and the low geomechanical quality of the hanging-wall. The gravitational flow of the material close to 
the hanging-wall will produce high dilution in little time, so reduced sublevel height is forced. In the case of 
the Rosaura mine, 20 m high sublevels were used. This figure applied to Tinyag would result in low recovery 
and high dilution.  

For the longitudinal SLC strategy, the first drift should be located 1.5 m towards and inside the foot-wall 
(measured in the floor) to maximize the ore extraction and to allow the last drill of the ring to be parallel to 
the seam dip (Fig. 5.b). Once fixed the location of the first production drift (draw-point) and in order to 
minimize dilution the free distance between drifts must be in the range of the extraction ellipsoid width 
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(namely 6 m). This distance should be reduced to produce a small overlap between ellipsoids to ensure full 
recovery, so it is supposed to be equal to 5.5 m. Therefore, the distance between drifts is fixed in (5.5 + 3.5 
=) 9 metres. The typical blast ring will be made by 8 2.5’’ drills, completing 82 metres drilled per ring (Fig. 
5.b). A 2 m slice will be mined for every ring and the vertical and longer drill will be 15 meter. In one blast 
ring 1700 tons are to be recovered meaning 20.6 ton/drilled m. It was also shown that it was not interesting 
to locate a drift closer than 3 m to the hanging-wall for it will only serve to recover waste. Therefore, for the 
Tinyag seam the number of production drifts was set to 1 (for seam thickness between 3 and 15 m), to 2 (for 
seam thickness between 15 and 24 m) and to 3 for thicker areas and up to maximum observed (around 30 m). 
A plan view of the location of the extraction drifts in a particular level of the mine is shown in Figure 5.c for 
this possible initial design of longitudinal sublevel caving. 

 

Figure 5 a) Estimate of the number of drifts and ellipsoid sizes for the thicker part of Tinyag for 
longitudinal SLC. b) Drill ring scheme in a narrow zone of Tinyag seam c) Plan view of 
the longitudinal SLC design for Tinyag in a particular level. From Krstulovic & Ovalle 
(2004). 

3.2.3 Final mine design. Transversal SLC 

With the previous report in mind (Krstulovic & Ovalle, 2004), and before starting the underground operation 
in Tinyag it was reassessed the possibility of using the transversal SLC instead of the longitudinal one. Even 
being clear that preparation costs were much lower (around 30 %) for the longitudinal SLC, the flexibility of 
this last method was very low in such a way that three sublevels should be always opened if the production 
was to be assured at all times, as it was required. Therefore, it was decided that although the costs were 
higher, it was preferred to opt for the transversal sublevel caving method. The distance between draw-points, 
following the ideas suggested by Bull and Page (2000) was increased up to 12.5 m, being 9 m the new pillar 
width. The sublevel height was kept in 12 m. (Fig. 6.a). This transversal version also permits to draw 
interactively as suggested by Page & Bull (2000), which helps to improve the recovery levels. A final view 
of the mine method design is presented in Fig. 6 b. With the presented geometrical values and the transversal 
SLC, the mining of Tinyag started in 2006. Even if in the first sublevels the degree of dilution was extremely 
high, now satisfactory results are obtained. So far, 85 % recovery of the ore has been achieved with dilution, 
not yet well determined, but in the range of 18 to 22 %, which is a reasonable figure for SLC.  

3.3 Critical points on sublevel caving design  
There are a series of critical topics of much interest, which should be addressed if one aims to ensure the 
future mining in Tinyag, which are also important for any SLC exploitation. These topics includes the 
subsidence effects, the possibility of occurrence of a circular or similar failure typically in the hanging wall 
of the seam and finally possible problems derived form the incorrect location of the infrastructure of the 
mine (ramps, ventilation shafts, skip if existing), which can be affected by rock mass movements in the 
advanced mining stages. These aspects are addressed under the following subheadings.  
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Figure 6 a) Basic “improved” SLC design for Tinyag mine and following Bull and Page (2000) 
and b) General view of the mine design for Tinyag transversal SLC.  

3.1 Subsidence 
In not very thick ore seams with tabular shape the propagation of subsidence tends to be controlled by the 
dilation of the caved material, which fills the void created by mining. A consideration of the subsidence topic 
is a must when planning a SLC mine. This topic has been studied from the early seventies (Hoek, 1974) and 
many references can be found on the topic. Typically, fracture and falling limit angles are considered to 
estimate the area of surface affection. These angles have been studied in a Chilean mine (Cavieres & Díaz, 
1993), where these values are correlated with the basic RMR of the affected rock masses (Figure 7.a). In our 
case, the angles have been assessed starting from this Chilean scope, experience from other mines, physical 
modelling, numerical Phase-2D results and slope stability results. These angles have been estimated for the 
case of the Tinyag open pit and presented in the form of a 3-D as shown in Figure 7.b. 

 

Figure 7 a) Estimate of the falling angle as developed by Chilean miners (Cavieres & Díaz, 1993) 
and b) estimate of falling and fracturing affection for the case of Tinyag SLC. 

The affected area was considered as reasonable initially. Nevertheless, and in the early development of the 
SLC mining, various problems were identified in the old Tinyag pit, including early funnelling or chimney 
caving (Figure 8.a) and a trend to tensile cracking and toppling in the quartzite east slope (Figure 8.b & c). 

In order to control these affections it was thought that if the waste of Rosita was used to fill the bottom of 
Tinyag mine, eventually, the deformation and caving expected can be mitigated. The interest of this 
possibility was numerically analysed. Starting form the experience of the authors in numerical modelling of 
subsidence (Alejano et al., 1999), various models were run with the material models and parameters as 
shown in Table 2. In particular, by means of phase-2D (Rocscience, 2004) we have compared the cases with 
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and without fill, where it was shown that the filling of the bottom of the pit highly reduce the displacement in 
the upper parts and it also reduces the deformation (Figure 9.a). For the case of Flac-2D (Itasca, 2005), 
although the results must be yet refined and new behavioural characteristics should be included, some of the 
modelled instability mechanism have been observed in-place (Figures 8.b & c and 9.b). Even if these 
numerical models should be interpreted qualitatively so far, they indicate that a great deformation should be 
expected. However, this deformation is mitigated when filling the pit. The filling of the Tinyag pit was 
carried out. 

 

Figure 8 Early affections of subsidence in Tinyag: a) Chimney caving in the floor of the Tinyag 
pit a few weeks after underground mining SLC started, b) Tensile opening of bedding 
planes in quartzite due to toppling in the east slope and c) detail of toppling in the east 
open pit wall.  

 

Figure 9 Numerical model of Tinyag: a) Phase-2D detail model of mining, substituting ore by 
caved and fractured rock and b) Flac-2D simulation of the process of caving where the 
main instability mechanisms are identified, a further refinement of the model is needed.  

3.2 Circular slip failures 
Another critical topic is the possible occurrence of circular slip failures of the slopes of the mountains and 
pits, which can be triggered by presence of the underground works. In a Flac model, the shear strength of the 
materials was reduced, to find out that the factor of safety of such a case is over 1, however, a levelling 
control of some points in the east and west walls was recommended, specially for advanced stages of mining. 

3.3 Infrastructure 

The main access (ramp) and ventilation shafts must be located in the best possible rock. It could be thought 
that the quartzite rock mass is the most suitable one due to its bets geomechanical quality and unconfined 
strength characteristic; however, it is located 50 to 60 metres away from the ore.  

The mudstone in the foot-wall is closer to the ore and it presents an average geomechanical quality. Recent 
core drilling has shown that this quality improves with depth. This is why the main access, the ventilation 
shafts, the ore-passes and draw points are located in this foot-wall rock mass.  
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4 Conclusions 
We have highlighted the different topics of the rock mechanics and mining work leading to the design and 
starting of the operation of Tinyag mine in Iscaycruz by means of the transversal version of the sublevel 
caving underground mining method.  

Geomechanics has been and is of paramount interest to design and fine-tune the mining method. A series of 
open questions have been adequately solved to start to run the mine. Subsidence, circular slip and 
infrastructure location are critical points for sublevel caving, which have been addressed with standard but 
strongly rock mechanically based approaches to find out that the applied design methods, though limited if 
compare to high developed techniques (Brown, 2003), can yield good results in the general mining 
operation. A wide experience has been gained in the difficult task of appropriate mining method selection for 
Andean sub-vertical metallic seams, according to the country rock geomechanical conditions. In Tinyag 
mine, so far, 85 % recovery of the ore has been achieved with dilution, not yet well determined, but in the 
range of 18 to 22 %, which is a reasonable figure for SLC. 

Future work includes the refinement of the presented numerical models (including extraction ellipsoids with 
UDEC), more detailed dilution control in place and the establishment of dilution policies, and the monitoring 
and control of surface displacements, with the aim of controlling the numerical models applied. 
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Abstract 
At Shakisso, some 500 kilometres from Addis Ababa in the highlands area of southern Ethiopia, MIDROC 
Gold Mine Private Limited Company is developing the Legadembi underground mine project. During the 
underground mine design work it was evident that geotechnical issues, specifically the determination of the 
stable mining span had a significant impact on the selection of the mining method and also on stope design 
once the mining method had been finalized. For reasons of hanging wall stability and for the mining of an 
orebody generally considered to be low grade the mining method selected was cut and fill, this decision 
being primarily to avoid excessive dilution and the risk of the possible loss of stopes. Initial geotechnical 
investigations restricted mining spans to 14 metres based on early geological information, which only 
indicated orebody widths of up to 10 metres. However from a geological block model completed later, more 
than 50% of the orebody was shown to be close to 30 metres (true width) at an acceptable grade. The stope 
layout therefore had to provide for in stope pillars. Following the completion of further geotechnical work, 
the stable stope back span of 14 metres has been validated and was recommended for Legadembi. The 
optimum in stope pillar bay/split dimensions have been determined to be each 5 metres, this being in order to 
achieve the best possible extraction rate of 85%. Based on the pillar and bay dimensions it was possible to 
examine a full range of in stope layout options. The paper examines the merits of these options. From a 
standpoint of ground stability and control, a central room of 14 metres with 5 metre wide bays/splits and 5 
metre square pillars is the favoured option where the orebody exceeds 14 metres. 

1 Introduction 
The Legadembi Underground Mine Project, currently being developed, is part of the Shakisso Legadembi 
mine and is operated by MIDROC Gold Mine Private Limited Company. The mine, which is some 2100 
metres above sea level and is located approximately 500 kilometres south of the capital Addis Ababa (Figure 
1), has an operating open pit and is developing the Legadembi underground mine project. 

 

Legadembi mine

 

Figure 1 Location of the Legadembi mine relative to the capital, Addis Ababa 
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The open pit traverses twelve gold mineralised lenses, locally referenced 1 to 12. The lenses which are 
targeted by the mine for underground mining are No.1 and No.9.  

2 Geological and geotechnical setting 

2.1 Geology 
The gold mineralisation is contained within discernable packages of quartz veins hosted by greenschist facies 
metamorphic rocks of varying mineral contents, types and foliations. Marshall (2004) comprehensively 
noted the setting of the orebodies within the hangingwall and orebody schists and footwall gneisses. The 
rocks hosting the gold mineralisation within a typical lens are schematically depicted in Figure 2.  
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Figure 2 Typical cross section of the orebody and host hangingwall and footwall lithologies 

Initial geological modelling and establishment of a block model for the underground mine project indicated 
an orebody (specifically lens 1) to be no more than 10 metres wide. However, revised geological/block 
modelling showed more than 50% of the orebody (lens 1) to have a true width of 30 metres at an acceptable 
grade. This change in orebody definition had a major influence on stope design when taking cognizance of 
the maximum stable span determined by geotechnical investigation. 

2.2 Geotechnical setting 
The determination of the properties (strength and geotechnical) that define the rock types at Legadembi was 
paramount for the calculation of stresses and deformations that the rock mass will be subject to. These 
properties in turn, were incoprorated into numerical, empirical and/or analytical techniques to provide an 
estimation of the potential for stope back and hangingwall instabilities with or without pillars. The purpose 
of rock sample testing was to extend the data available from descriptions and index tests by providing real 
data on specific properties of the rock. The aim was to sufficiently establish the characterisation of the rock. 
On application of rock mass rating results based on 49 borehole logs to the average UCS results (60 tests) via 
the Hoek-Brown field estimates of strength for the three rock mass subdivisions (hangingwall, orebody and 
footwall), design rock mass strengths as shown in Table 1 were obtained. 
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Table 1 Design rock mass strength based on Hoek-Brown linear regression 

 

3 Mine design 
At the time when underground mine design work was being carried out it had been established that 
approximately half the length of the No.1 lens had a width of 30 metres and geotechnical work had indicated 
a maximum stable span of 14 metres. Such information was therefore highly significant in terms of the 
selection of the mining method. 

A detailed analysis of stoping methods was carried out taking cognizance of the available geological and 
geotechnical information and for reasons of orebody dimensions and the risk of high dilution it was 
axiomatic that caving systems were not considered suitable and were therefore eliminated. 

It is well known that open stoping systems for most steep orebodies claim many advantages over other 
mining methods and would be desireable at Legadembi; however the major factors which negate the use of 
open stoping at Legadembi can be stated below. 

• In terms of grade control there will be a need for selective mining and this necessitates strict control 
over the drilling and blasting operations to ensure that unpay ore or even waste is not to be mined. 
Open stoping is not a selective mining method; all blasted rock in the stope is taken out and treated 
as ore. 

• The risk of dilution with open stoping at Legadembi is extremely high due to the necessity to plan 
for stope (vertical) heights far in excess of the calculated stable mining spans. Under such conditions 
instability of the hanging wall would represent a high risk of heavy dilution and possible loss of 
stopes and clearly this was unacceptable for Legadembi. 

Therefore, the proposed stoping method for Legadembi was cut and fill; horizontal cut and fill in order to 
control grade and stay within the payable boundaries of the orebody. Nevertheless, the layout of the stopes 
for the cut and fill method had to provide for in stope pillars and therefore certain geotechnical assumptions 
were made in order to complete the design work; such assumptions provided for a central room not 
exceeding 14 metres wide with staggered pillars and bays on either side of the central room. Notwithstanding 
it was stated that before actual stoping commenced that modelling exercises had to be carried out by a 
competent person in order to determine actual pillar size and geometry. The results of these exercises are the 
crux of this paper. 

4 Geotechnical considerations for design 
The limiting drift span of 14 metres was determined in 2004 on the basis of geotechnical information 
obtained from 10 boreholes. The validation of spans was conducted by using geotechnical information from 
39 additional boreholes (total = 49) provided by Legadembi in 2006. Rock mass rating methods were 
employed to validate the span. The process adopted for designing instope pillars is shown in Figure 3. The 
selection of pillar dimensions were based on the following overriding philosophies. 
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• The strength to stress ratio (Factor of Safety) of pillars had to be in excess of unity. The Factor of 
Safety (FOS) of 1 was selected due to the limited stand-up time required for pillars i.e. life of lift 
which is estimated to be 6 months 

• The deformations induced by pillar and bay/split layouts had to lie within 10% of that obtained for a 
cut & fill operation employing no pillars with a 14 metre cut width. The 10% criteria was selected 
due to this being the routinely adopted buckling limit for voussoir (jointed/broken) beams. 

Rock mass ratings Rock strengths

Design rock mass strength

Conceptual layouts

Imposed pillar loads

Factor of Safety

Pillar dimensions

Geotechnical logging Laboratory test results

Imposed deformations

Iterative

Rock mass ratings Rock strengths

Design rock mass strength

Conceptual layouts

Imposed pillar loads

Factor of Safety

Pillar dimensions

Geotechnical logging Laboratory test results

Imposed deformations

Iterative

 

Figure 3 Philosophy adopted for pillar design 

The loads and deformations imposed on pillars were determined through computational models. The 3D 
pseudo elastic programme MAP3D was the primary numerical modelling code used for the analysis. The 
design rock mass strength was obtained by appropriate downgrading of laboratory strengths using rock mass 
rating data. 

4.1 Mining spans 
The stability of the stope back and section of hangingwall that will overhang the stope is critical in ensuring 
the sustainability of cut and fill mining at Legadembi. The overriding parameter that controls the stability of 
the said exposed wall rock is the span of the stope back and the maximum height of exposed wall rock. The 
height of exposed wall rock is determined by the cycle of lifts and waste filling and the stope back span by 
the width of the orebody. The potential modes of failure of exposed wall rock could be one of or a 
combination of the following. 

• Failure of rock material or mass around the opening as a result of high stress to strength conditions. 

• Movement and collapse of rock blocks as a result of the geological structure (structural instability); 
A combination of stress induced rock failure and structural instability. 

• Failure of “beams” as a special case of the above. This could be either footwall or hangingwall, or 
both, depending on the dip. 

Laubscher (1994) developed a stability chart that relates the hydraulic radius of open stopes to the adjusted 
MRMR ratings. From the design charts produced, the stable span of an opening can be back calculated based 
on the charts design lines that progress from hydraulic radii and MRMR’s that induce caving, a transitional 
area (i.e. unconfirmed response) and a stable rock mass. The rock mass data (MRMR) was superimposed 
onto the Laubscher design chart (Figure 5) to ascertain stable stope back spans. The hydraulic radius (HR) 
defined as the plan area divided by the perimeter susceptible to collapse was calculated as illustrated in 
Figure 4. The maximum stope back span based on the mean MRMR is 13.6 metres (Figure 6). 
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Figure 4 Geometrical parameters for the calculation of hydraulic radius 

 

Figure 5 MRMR as a function of hydraulic radius adapted from Laubscher (1994) 
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Figure 6 Stable stope back spans based on Laubscher’s (1994) design charts 

A survey was conducted on the stope back spans adopted in African cut and fill mines. Where orebody 
widths exceed 10-15 metres, standard practice is to cut and superimpose instope pillars in workings. The 
position and size of these pillars varies considerably. Pillar dimensions range between 3-8 metres. Most 
operations tend to place pillars on either side of a central room; as is proposed at Legadembi. The pillar is 
established by bays developed from the central room. Refer to Table 2. 

Table 2 Summary of stable stope back spans obtained using various analyses 

Method Source Recommended stope back 
span (m) 

Literature Brady & Brown (1983) 10-15 

Empirical Laubscher (1994) 13.6 

Empirical Q rating 13-15 

Empirical RMR 14 

Precedent practice Survey of cuts & fill 10-15 

Marshall (2004) Consulting report 14 

Rangasamy (2006) Consulting report, Legadembi 14 

4.2 Pillar dimensions 
Map3D simulations were conducted to establish the optimum pillar and bay dimensions for those parts of the 
orebody at Legadembi Gold Mine that exceed the maximum stable span of 14 metres. The orebody width 
and shape varies significantly, variations in width of between 8-30 metres are likely. 

The option of cutting bays from the centrally positioned 14 metre wide room, towards the orebody contacts 
at specific widths and distances apart was examined as a possible extraction method. The pillar dimensions 
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and bay widths had to be designed to maintain the stability of the stope back and hangingwall. Numerical 
simulations were conducted to establish the risk of pillar or drift hangingwall failures. Numerical simulations 
are normally the preferred design tools when orebody dimensions are complex and the number of extraction 
options is significant. These simulations allow comparison of various extraction options by investigating and 
comparing magnitudes of, or trends in specific parameters. Numerous pillar and bay permutations have been 
examined to derive the optimum layout. The bay width, bay spacing, pillar width, bay depth and mining 
depth could all be varied to establish a large number of different combinations. A selection was made of 
different bay and pillar dimensions, which could be used at different mining depths and at different orebody 
widths to establish the impact of the different combinations (Table 3 and Figure 7). 

Table 3 Combinations of pillar and bay widths 

Bay Width Bay spacing/ 
pillar width 

Bay depth/Mining steps Orebody width assumed with option 

0m 0m 0 m / 1st mining step 14m 

5m 5m 3m / 2nd mining step 20m 

8m 8m 5m / 3rd mining step 24m 

11m 11m 7m / 4th mining step 28m 

14m 14m 9m / 5th mining step 32m 

Bay width 
Bay 
spacing / 
pillar width

Centrally spaced 
drift width 

Mining 
steps taken 
to orebody 
contact 

Bay depth

 

Figure 7 Typical model setup, Legadembi Mine 

The modelled layout options with respect to deflection of the stope back (expressed as a percentage of 
modelled deflections with a limiting span of 14metres) were ranked as shown in Table 4. 
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Table 4 Lst of performance of options in ranked order of deflection above that of a 14 m span 

% Increase 
above 14m span Cut width Pillar width Cut depth m2 mined 

out
% 

extraction

6.8 5 11 3 140.63 79.4%
6.9 5 14 3 118.42 77.9%
9.1 5 8 3 173.08 81.5%
9.4 5 14 5 197.37 69.3%
9.5 5 11 5 234.38 71.4%
11.1 5 5 3 225.00 85.0%
11.5 8 14 3 163.64 80.9%
12.1 5 14 7 276.32 63.2%
12.2 5 8 5 288.46 74.4%
13.2 5 11 7 328.13 65.6%
13.3 5 14 9 355.26 58.6%
13.7 8 11 3 189.47 82.6%
14.1 8 8 3 225.00 85.0%
14.8 5 5 5 375.00 79.2%
14.8 8 14 5 272.73 73.5%
15.1 11 14 3 198.00 83.2%
15.1 5 8 7 403.85 69.2%
15.1 5 11 9 421.88 61.3%
15.7 14 14 3 225.00 85.0%
17.1 8 11 5 315.79 75.9%
17.5 5 8 9 519.23 65.4%
17.5 11 11 3 225.00 85.0%
17.6 8 14 7 381.82 68.2%
18.3 5 5 7 525.00 75.0%
18.3 8 5 3 276.92 88.5%
18.4 8 8 5 375.00 79.2%
18.4 14 11 3 252.00 86.8%
19.5 11 8 3 260.53 87.4%
19.6 8 14 9 490.91 64.2%
19.8 11 14 5 330.00 76.7%
20 8 11 7 442.11 71.1%

21.2 14 14 5 375.00 79.2%

% Increase 
above 14m span Cut width Pillar width Cut depth m2 mined 

out
% 

extraction

21.3 8 11 9 568.42 67.4%
21.6 8 8 7 525.00 75.0%
21.9 5 5 9 675.00 71.9%
22 14 5 3 331.58 92.1%

22.1 14 8 3 286.36 89.1%
22.1 11 5 3 309.38 90.6%
22.8 8 5 5 461.54 84.0%
23 11 11 5 375.00 79.2%

23.6 14 11 5 420.00 81.7%
23.6 11 14 7 462.00 72.0%
24 8 8 9 675.00 71.9%
25 14 14 7 525.00 75.0%

25.6 11 8 5 434.21 82.5%
26.4 11 14 9 594.00 68.5%
26.5 8 5 7 646.15 80.8%
26.5 11 11 7 525.00 75.0%
26.6 14 8 5 477.27 84.8%
27.8 14 11 7 588.00 78.0%
28.1 14 5 5 552.63 89.0%
28.4 14 14 9 675.00 71.9%
29 11 11 9 675.00 71.9%

29.3 11 8 7 607.89 78.9%
30.1 11 5 5 515.63 87.0%
30.4 8 5 9 830.77 78.4%
31.2 14 8 7 668.18 81.8%
31.2 14 11 9 756.00 75.3%
32.6 11 8 9 781.58 76.3%
33.2 14 5 7 773.68 86.8%
33.6 11 5 7 721.88 84.4%
35 14 8 9 859.09 79.5%

36.7 11 5 9 928.13 82.4%
36.9 14 5 9 994.74 85.2%

% Increase 
above 14m span Cut width Pillar width Cut depth m2 mined 

out
% 

extraction

6.8 5 11 3 140.63 79.4%
6.9 5 14 3 118.42 77.9%
9.1 5 8 3 173.08 81.5%
9.4 5 14 5 197.37 69.3%
9.5 5 11 5 234.38 71.4%
11.1 5 5 3 225.00 85.0%
11.5 8 14 3 163.64 80.9%
12.1 5 14 7 276.32 63.2%
12.2 5 8 5 288.46 74.4%
13.2 5 11 7 328.13 65.6%
13.3 5 14 9 355.26 58.6%
13.7 8 11 3 189.47 82.6%
14.1 8 8 3 225.00 85.0%
14.8 5 5 5 375.00 79.2%
14.8 8 14 5 272.73 73.5%
15.1 11 14 3 198.00 83.2%
15.1 5 8 7 403.85 69.2%
15.1 5 11 9 421.88 61.3%
15.7 14 14 3 225.00 85.0%
17.1 8 11 5 315.79 75.9%
17.5 5 8 9 519.23 65.4%
17.5 11 11 3 225.00 85.0%
17.6 8 14 7 381.82 68.2%
18.3 5 5 7 525.00 75.0%
18.3 8 5 3 276.92 88.5%
18.4 8 8 5 375.00 79.2%
18.4 14 11 3 252.00 86.8%
19.5 11 8 3 260.53 87.4%
19.6 8 14 9 490.91 64.2%
19.8 11 14 5 330.00 76.7%
20 8 11 7 442.11 71.1%

21.2 14 14 5 375.00 79.2%

% Increase 
above 14m span Cut width Pillar width Cut depth m2 mined 

out
% 

extraction

21.3 8 11 9 568.42 67.4%
21.6 8 8 7 525.00 75.0%
21.9 5 5 9 675.00 71.9%
22 14 5 3 331.58 92.1%

22.1 14 8 3 286.36 89.1%
22.1 11 5 3 309.38 90.6%
22.8 8 5 5 461.54 84.0%
23 11 11 5 375.00 79.2%

23.6 14 11 5 420.00 81.7%
23.6 11 14 7 462.00 72.0%
24 8 8 9 675.00 71.9%
25 14 14 7 525.00 75.0%

25.6 11 8 5 434.21 82.5%
26.4 11 14 9 594.00 68.5%
26.5 8 5 7 646.15 80.8%
26.5 11 11 7 525.00 75.0%
26.6 14 8 5 477.27 84.8%
27.8 14 11 7 588.00 78.0%
28.1 14 5 5 552.63 89.0%
28.4 14 14 9 675.00 71.9%
29 11 11 9 675.00 71.9%

29.3 11 8 7 607.89 78.9%
30.1 11 5 5 515.63 87.0%
30.4 8 5 9 830.77 78.4%
31.2 14 8 7 668.18 81.8%
31.2 14 11 9 756.00 75.3%
32.6 11 8 9 781.58 76.3%
33.2 14 5 7 773.68 86.8%
33.6 11 5 7 721.88 84.4%
35 14 8 9 859.09 79.5%

36.7 11 5 9 928.13 82.4%
36.9 14 5 9 994.74 85.2%  

• The deflection analysis indicates that the best possible extraction ratio of 85% is achieved at pillar 
and bay dimensions of 5 metres (marginally above a 10% buckling limit). 

• These dimensions are corroborated by the stress analysis which indicates that a 5 metre pillar and 
bay layout will meet the minimum FOS of 1. 

• Superimposed pillars with square dimensions of 5 metres were recommended in areas/sections of the 
orebody where the width exceeds 14 metres. 

5 Layout options 
Based on the pillar (5m) and bay (5m) dimensions recommended in earlier sections of this paper, it is 
possible to examine a full suite of layout options available to optimise extraction of the orebody in areas 
where the width exceeds 14 metres. The merits and demerits of the four main options available are 
summarised in Table 5. The suggested option is shown in Figure 8.  

• Establish a central 5 metre wide pillar that splits the orebody along its centre of gravity and 
concurrently cut and fill stopes on either side of the pillar. 

• Mine a central drift taking splits/bays towards the hangingwall and footwall to create 5 metre square 
pillars. 

• Mine the primary cut along the hangingwall contact and establish splits/bays towards the footwall. 

• Mine the primary cut along the footwall contact and establish splits/bays towards the hangingwall. 
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Table 5 Summary of merits and demerits for central room options 

Central pillar Central room with pillars on either side 

Central 5m wide pillar

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Mined 
out lift

Central 5m wide pillar

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Mined 
out lift

 

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars  

Comparative Merits Comparative Demerits Comparative Merits Comparative Demerits 

None Superimposition of pillars difficult 
Two ventilation districts created 
Two filling operations 
Vehicle access restricted 
Early stage dilution 
H/wall & F/wall continually 
exposed 
Fill runs if pillar is breached 
Sequence of concurrent lifting must 
be maintained 
Low face availability 
Sidewall support compulsory 

Late stage dilution 
Limited exposure to 
H/wall & F/wall 
Favours ventilation 
Tried and tested method 
High face availability 
Discretionary sidewall 
support 

Two positions for pillar 
superimposition 
No markers for locating 
position in orebody 

Hangingwall drift with bays towards footwall Footwall drift with bays towards hangingwall 

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars  

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars

Orebody contact

Hangingwall

Footwall

Mined 
out lift

Pillars  

Comparative Merits Comparative Demerits Comparative Merits Comparative Demerits 

H/wall marker Continually exposed to 
hangingwall 
H/wall overhang 
Compulsory sidewall 
support 
Immediate dilution 
Wedge failure of sidewall 

Easy second outlet 
No overhang 

Compulsory sidewall support 
Immediate dilution 
Wedge failure of sidewall 
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Figure 8 Suggested cut and fill in stope pillar mining layout, Legadembi Mine 

6 Conclusions 
The geotechnical investigations placed restrictions on the maximum permitted excavated mining span. The 
selection of the spans was based on the empirical assessment of rock mass cavability using rock mass 
ratings. The investigations restricted spans to 14 metres. Drilling conducted during and after 2004, showed 
that the width of the orebodies (specifically lens 1) to be of the order of 30 metres for almost half of its strike 
length. The span restrictions imply that large sections of the orebodies would be sterilised where the width 
exceeds 14 metres or the implementation of transverse cut and fill would need to be considered. 

In order to maximise extraction of the orebody where the width exceeds 14 metres, the cutting of 
appropriately sized pillars in terms of a pillar and bay layout is paramount. Numerical modelling of pillar and 
bay sizes indicated the following. 

• The deflection analysis indicates that the best possible extraction ratio of 85% is achieved when 
pillar and bay dimensions are both 5 metres. 

• These dimensions are corroborated by the stress analysis which indicates that a 5 metre pillar and 
bay layout will meet the minimum FOS of 1. 

• Superimposed pillars with square dimensions of 5 metres are recommended in areas/sections of the 
orebody where the width exceeds 14 metres.  

Apart from the central pillar option, all other options investigated are similar with respect to extraction ratios. 
The largest deterrent to implementing either the hangingwall or footwall drift options would be the continued 
exposure to the hangingwall and footwall talcose material. The 70-degree lie of the strata also makes these 
options susceptible to wedge failure through sliding or toppling. The number of pillars required for these 
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options is very similar to those required for the central room option and hence pillar requirements is not a 
differentiation factor between the options.  
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Abstract 

Fibrecrete or shotcrete is used extensively in Block Caves around the world. Worldwide regulatory 
authorities are expecting surface areal support, and as mines increase in size, the dependency on long term 
support will dictate the use of fibrecrete or shotcrete. Having a fibrecrete management system that can 
ensure fibrecrete usage is under control whilst maintaining quality will be important to the success of these 
projects.  

Throughout the development of the Argyle Underground Project, in-cycle fibrecrete has been the primary 
form of surface support. As Argyle progresses with mine development on the undercut and extraction levels, 
ensuring fibrecrete is applied to correct specification is important to mine safety whilst overuse has a 
significant effect on cost. From the beginning of the Argyle Underground Project the fibrecrete application 
quality control process has undergone significant development and continues to evolve. Argyle has 
developed a rigorous system to drive continuous improvement with respect to fibrecrete usage. This system 
in conjunction with other improvements to mining technique has seen an improvement in fibrecrete usage 
over time. 

This paper provides a background of the Argyle Underground Project and the evolution of the Argyle 
fibrecrete management process. The current management process with respect to the mining cycle and data 
transfer is documented, highlighting some of the challenges that have been faced and addressed over time. 
The analysis, tracking, reporting and feedback process used at Argyle is also detailed. Current trends of 
reduced fibrecrete usage are reviewed and the methodology Argyle has used to continue to improve quality 
and reduce usage is described. 

1 Introduction 

The Argyle Diamond mine is located in northern Western Australia (Figure 1). Alluvial operations 
commenced in 1983 and open pit operations in 1985. The open pit is still in operation. In December 2003 the 
Underground Project commenced with the mining of a 4.5km Exploratory Decline. In December 2005 the 
decision was made to proceed with the construction of an underground block cave mine. The mine is planned 
to commence undercutting during the third quarter of 2008 ramping up to full production commencing in 
2010. 
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Figure 1 Location of the Argyle Diamond Mine Lease 

The Argyle Diamond Mine block cave at full production will produce 9.5 million tonnes per annum from a 
footprint approximately 500m long by 200m wide. Production will be from a total of 14 extraction drives 
with 127 draw points feeding 2 gyratory jaw crushers. Figure 2 shows a cut away of the mine indicating the 
mine access and its relationship to the open pit. Operations in the southern area of the pit are planned to 
cease by the end of 2008. Operations in the pit area known as the Northern Bowl will continue till late 2010. 
This area is away from the block cave’s influence. Mine life of the block cave is through to 2017. 

 

Figure 2 Cut away of the Argyle Diamond Mine. 

The Argyle Diamonds Underground Project uses fibrecrete as the primary form of surface support. 
Fibrecrete is sprayed floor-to-floor with a minimum specified thickness of 50mm. Development duty and the 
projected life of the mine form the basis for the use of fibrecrete at the project. The system developed at the 
underground project has been established to ensure the quality of the fibrecrete applied and manage 
fibrecrete consumption. This provides benefits to both safety and cost. 
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2 Geology 

The AK1 deposit is a volcanic vent intrusion of magmatic lamproite and lamproitic tuff that intruded into a 
Proterozoic sequence of interbedded quartzite, siltstone and mudstone overlying dolerite and basalt units, 
which in turn occur on a basement of granite, dolerite, basalt and metamorphosed quartzite and mudstone. 
The AK1 deposit consists of three north-south oriented pipe structures that plunge steeply to the southwest.  

The sedimentary stratigraphic sequence hosting the AK1 deposit consists of interbedded quartzite and fine-
grained sediments and is divided into three formations specifically: 

• The Lissadell Formation (340 m thick); 
• The Hensman Sandstone (120 m thick); and 
• The Revolver Creek Formation (in excess of 1200 m thick). 

Underground mining is conducted predominantly in the Revolver Creek Formation. This consists of a lower 
dolerite and basalt sequence and an upper sedimentary sequence divided into quartzite and mudstone 
dominated units. The rockmass is variably jointed and is generally of low strength. Each of the sediments has 
three to four discontinuity sets, with bedding the dominant feature, dipping at approximately 30 degrees to 
the north east. The dolerite is variably chloritic and has four joint sets. The persistent discontinuity in the 
dolerite is parallel to the bedding in the sediments. Groundwater inflows occur, with significant flows 
recorded adjacent to stratigraphic contacts and the intersection of stratigraphic contacts and major structures.  

3 Ground Support Cycle 

3.1 Ground support - General  

Ground support for permanent excavations comprises floor-to-floor fibrecrete and jumbo installed solid bar 
resin bolts. Fibrecrete is installed in-cycle after the surface is prepared by hydroscaling. Fibrecrete is batched 
on site by an external contractor and transported underground using a mixed fleet of modified road and 
specialist underground agitator trucks. The fibrecrete is batched in either 5 or 7 m3 loads. At the time of 
writing, approximately 2000m3 of fibrecrete is sprayed per month. 

3.2 Ground support cycle 

The ground support cycle used at Argyle is detailed in Figure 3. Detailed explanation is provided below. 

 

Figure 3 Argyle Underground Project Ground Support Cycle  
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3.2.1 Face Mapping and Fibrecrete Specification 

One of the consequences of using fibrecrete in underground mining is the collection of geological data. 
There is no flexibility to map drives behind the face once fibrecrete is installed. At Argyle, each round fired 
on every shift is geologically mapped, with the Geologist specifying the required ground support. Geologists 
are trained in-house in the specification of ground support by site Geotechnical Engineers. Two rockbolt ring 
patterns, consisting of 9 or 11 bolts are used depending on the drive profile; the bolt ring spacing is varied 
with lithology. Rockbolt lengths are either 2.4m for development widths less than or equal to 6m wide or 
3.0m for development greater than 6m. Mining in the vicinity of the cave means support standards are being 
implemented that take into account the different drive sizes used as well as the duty of the support.  

To prevent excessive fibrecrete usage and to provide consistency across all geoscience personnel, detailed 
guidelines have been provided for the estimation of fibrecrete quantities. Volumes for development headings 
are estimated based upon the thickness required and the surface area of the round. Thickness is based on the 
rock type with adjustments made for location (development type and duty), intersections, and ground 
conditions. In other than exceptional circumstances, a maximum thickness of 100mm is used. Figure 4 
illustrates the thickness specification flow chart. Modification of the fibrecrete application table published by 
Hoek, Kaiser and Bawden (1995) for Argyle conditions provides guidance for adjustment in varying ground 
conditions observed on site, see Figure 5.  

 

Figure 4 Fibrecrete thickness specification flow chart.  
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Figure 5 Modified fibrecrete specification table. 

The volume of fibrecrete for the round is determined through the use of tables created for each development 
profile (Figure 6). The tables incorporate four roughness factors and have been produced for a range of 
possible over- or under-broken development dimensions. The Geologist determines the roughness of the 
round and then uses the actual dimensions to determine the volume required. In the remainder of the paper 
this volume will be referred to as the Estimated Volume (EV). Due to variable jointing and generally low 
rock strength, roughness factors after blasting are generally high, in the range 1.5 to 1.7.    

 

Figure 6 Fibrecrete volume estimation for 75mm thickness in a 5.8m wide x 6.1m high heading 
over one metre advance  

On completion of mapping the new round, the fibrecrete of the previous round is also inspected. This 
inspection is discussed in section 3.2.4. 

3.2.2 Order and Spray 

The volume of fibrecrete required for each round is painted on the wall and recorded on a Ground Support 
Request Sheet by the geologist. Ordering of the fibrecrete is actually done by the fibrecrete nozzleman 
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through the mine PitRAM system prior to arriving at the jobsite, PitRAM also records the order time and 
quantity. PitRAM is a mine control program that is used to track activity underground managed by a control 
operator. 

Probing is used during spraying to estimate and control fibrecrete thickness. Based on the areal coverage and 
estimated thickness achieved during spraying, the nozzleman may order additional fibrecrete or not spray the 
full quantity specified by the geologist. Any variations from the specified quantity and the reason for the 
variation are recorded on the nozzleman’s shift report. These are assessed later in conjunction with fibrecrete 
depth measurements.  

Placement of fibrecrete was originally to a minimum thickness regime. Under this, nozzlemen were expected 
to spray in a thickness window ranging from the specified minimum thickness to 25mm above the minimum 
thickness. This regime by its very nature resulted in increased fibrecrete usage: anything less than the 
minimum thickness required patching and the focus was to spray greater than the minimum thickness to 
ensure that it was achieved with no requirement for patching.  

To reduce the excess fibrecrete usage, the placement regime was changed to a nominal thickness system. 
Under this the nozzlemen aim to spray within upper and lower tolerance limits around a nominal thickness. 
This has reduced the requirement for patching and has removed the perception of needing to overspray to 
ensure a minimum thickness. Prior to the implementation of the nominal fibrecrete thickness regime 
extensive analysis was conducted to ensure than safety was not compromised by this change. 

3.2.3 Depth Measurement 

A rigorous system of fibrecrete thickness or depth measurement is in place at Argyle. During the rock 
bolting and boring cycle, two rings of 20 depth holes are bored in the fibrecrete in every round by the jumbo 
operator. These are measured by the charge crew prior to charging the face. The fibrecrete thickness 
measured in each hole is painted on the wall adjacent to the hole and is also recorded on the face charge 
sheet. To ensure that there is adequate surface support to allow the charge crew to load the face; strict 
guidelines are in place regarding minimum fibrecrete thicknesses. Where the thickness is measured at less 
than 30mm in two adjacent depth holes, the charge crew is not permitted to charge the face until additional 
surface support has been installed. Where the measured thickness is greater than 30mm, but less than the 
thickness specified by the geologist, this is patched during the fibrecreting of the next round. 

Depth holes have the additional benefit of providing drainage for groundwater from behind the fibrecrete.  

3.2.4 Report and Analysis 

At the start of each shift the specified fibrecrete quantities, depth hole measurements and nozzlemen shift 
reports are collated for every cut in the previous shift. This information is recorded on a purpose-made 
whiteboard in addition to a database, which allows direct comparison of specified volumes and thicknesses 
with actual volumes sprayed and measured thicknesses. Any discrepancies between specified and actual 
values are investigated at this point. Detailed analysis is conducted using the electronic data, while the 
whiteboard is used as an easily accessible reference for nozzlemen and supervisors wanting feedback on 
performance.  

Continuous improvement for nozzlemen is achieved through daily meetings with shift geologists where 
individual performance regarding specified and actual thickness and volumes are discussed. This meeting 
also provides a forum where fibrecrete volume specification can also be discussed, providing feedback for 
Geoscience staff. Nozzelmen are provided with a report detailing key performance indicators for their 
previous work roster. This provides operators with feedback on individual headings as well as an overall 
weekly performance to enable them to track their improvement over time. Figure 7 is an example of an 
operator report providing detail on spraying performance on a cut by cut basis. This information facilitates 
the fibrecrete Supervisors in training the operators. 
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Figure 7 Example of nozzleman’s feedback report. 

Results for the previous 24 hours are reported to the mining contractor and supervisory staff each morning at 
the daily review meeting. Any requirement for patching is passed on in this forum. 

To complete the ground support cycle, the Geologist is able to use all the collated information to assess the 
fibrecrete in the previous round when mapping the next. The fibrecrete thicknesses recorded on the charge 
sheet are compared with the thicknesses painted on the back and walls. Fibrecrete is allocated for any 
patching, with patching to be sprayed with the fibrecrete for the round being mapped. The fibrecrete quality 
for each round is also assessed quantitatively in the office.  

4 Analysis 

Analysis and subsequent reporting of fibrecrete can be separated into two areas: quality of fibrecrete itself 
and fibrecrete application quality. The primary focus of this paper is fibrecrete application quality. The 
mining contractor, specifically their specialist fibrecrete division, manages fibrecrete performance quality. 
Fibrecrete performance quality is ensured through a three tier process of cast cylinders taken at the batch 
plant, cores drilled from sprayed panels and round determinate panels. 

4.1 Application Factor  

For discussion of Application Factor (AF), the following definitions are provided: 

• Optimum Volume (OV). Fibrecrete volume to provide a specified thickness over a design or ideal profile, 
equation 1.   

 
• Estimated Volume (EV). Fibrecrete volume to provide a specified thickness over a blasted profile. 

Calculated by the Geologist at the face using actual round dimensions and incorporates estimates of 
rebound and surface roughness.  

 
• Sprayed Volume (SV). Actual volume of fibrecrete used in a development round. Recorded on 

nozzleman’s shift report. 
 
• Application Factor – estimated (AFE). Factor calculated using estimated volume, equation 2.  
 
• Application Factor – sprayed (AFS). Factor calculated using sprayed volume, equation 2.  

Assuming design wall conditions, the OV to spray a one metre advance in a drive with a 15m perimeter 
(excluding floor) to a 50mm thickness is 0.75m3. In a blasted profile with the same perimeter and unit 
length, but a roughness factor of 1.5 and rebound factor of 1.1, the EV required is 1.24 m3. For this example, 
the AFE for the round is 1.65. If 1.5m3 was actually sprayed, then the AFS would be 2.0. 
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The benefit of the estimated and sprayed application factors is that they provide a simple method of 
comparison of fibrecrete specification and usage against budget figures.  

Improved analysis of fibrecrete data has been made possible through the development and implementation of 
the Argyle Geoscience Database (the database). The database provides a single data entry and storage facility 
for all geoscience data including ground support, geological mapping and quality control. It was developed 
by an external contractor with extensive input from site based employees. The database operates through a 
Microsoft Access front end with a dedicated Microsoft SQL database server. Data entry into this system 
commenced at the start of the second quarter of 2007.   

Figure 8 shows the trend of AF over time using data contained within the database; older data has been 
excluded. Fluctuations in the first seven to ten weeks in the following figures are interpreted as due to 
incomplete data entry during the introduction of the database. Figure 8 plots weekly application factor of 
total sprayed volume (AFS). This captures fibrecrete used as a first pass, as well as to thicken areas identified 
as thin and for in-cycle rehabilitation. Results are grouped by seven-day mining weeks. From an initial 
position as high as 10-20% above the budget AF, the graph shows a considerable improvement over time. 
The weekly to fortnightly cyclic trend is interpreted as variation between mining crews alternating on the 
mine roster. This is a cycle that can be removed through improved training. 
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Figure 8 % Variation from target of fibrecrete application factor per mining week. 

4.2 Fibrecrete usage – cubic metres per metre advance 

The usage of fibrecrete is monitored on a weekly basis in cubic metres per metre advance (m3/m) of 
development. This provides feedback on general fibrecrete consumption and is analysed against an optimum 
m3/m advance consumption rate. This is defined as the sum of the OV for all rounds fired in the week, 
divided by the total metres advanced (∑OV/∑m). Reviewing this data is mine specific and is significantly 
effected by the thickness applied. Due to the number of operating headings and the varied support applied to 
each at Argyle, the optimum and actual volumes sprayed in terms of m3/m advanced will vary.  

Equation 1  

Equation 2  
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4.3 Overspray 

Overspray is calculated based on the difference between the specified fibrecrete thickness and the average 
fibrecrete thickness as determined from the 20 fibrecrete depth holes measured in each cut (section 3.2.3). 
Figure 9 illustrates the calculated overspray over the study period. The significant drop that occurs between 
weeks 21 and 24 correspond with the introduction of the nominal thickness system (section 3.2.2). On 
average, the result has been an 8mm drop in the average overspray from 23mm to 15mm. 
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Figure 9 Graph of fibrecrete overspray (mm) per mining week 

The overspray with respect to thickness sprayed and the percentage of rounds sprayed at each thickness 
specification is shown in Figure 10. Fifty percent of headings sprayed are at a specification of 50mm 
however average overspray in this heading is 50% more than the specified thickness. This indicates 
significant savings can be made by improvements addressing overspray in rounds where 50mm is specified. 
One improvement has been the reintroduction of probing using nozzle probes. Performance in the rounds 
specified at 100mm has been attributed to only 4% of cuts in the study data were sprayed to this thickness. 
Overall performance at 100mm specified thickness is good however overspray viewed over mining weeks 
indicates significant variability in spraying to a 100mm specification. 

 

Figure 10 Average fibrecrete overspray shown against requested fibrecrete thickness and % of 
cuts sprayed at different thickness specifications. 
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5 Future Direction 

Currently a number of changes are scheduled for implementation in the first quarter 2008. This involves 
placing the requirement for ordering fibrecrete with operators or fibrecrete leading hand, reporting of 
fibrecrete usage around application factor, and compliance. There are also plans to further develop the AGD 
to enable operators to access performance data by themselves at any time of the day.  

The use of technology in the area of fibrecrete volume estimation and fibrecrete thickness measurement is an 
area currently in the early stages of investigation at Argyle. Potential exists for the use of photogrammetric 
or laser based tools to initially estimate the required volumes to achieve the desired thickness and then give 
an accurate estimation of what has been sprayed. Secondly, robotic equipment could be used to spray 
headings, removing the human element. These technologies all come with their challenges; most 
significantly these relate to time and disruption to the mining cycle. Tools that provide estimates of fibrecrete 
volumes for a development heading means data needs to be processed prior to the heading being sprayed.  

6 Conclusion 

Ensuring fibrecrete is applied to acceptable standards plays a significant role in maintaining a safe work 
environment. Although the budgeted volume of fibrecrete used at Argyle will continue to increase with 
mining of the undercut and extraction levels and major life of mine excavations, significant savings can be 
achieved if fibrecrete consumption is closely controlled.  

Since commencement of the Exploratory Decline in 2003, Argyle has developed a rigorous system to ensure 
the quality of fibrecrete application and control fibrecrete consumption. The addition of the AGD and 
subsequent analysis of fibrecrete data have identified areas for improvement and potential cost reduction.  
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Abstract 

In the Panel Caving method, the undercutting front moves forward as the method advances in time. This 
undercutting front induces a stress field ahead of it, affecting the undercut level pillars in a non-homogenous 
way. There are many methods to quantify pillar stability, but the experience gained at El Teniente Mine 
shows that none of them reflects the real pillar behaviour. This paper proposes a new methodology to 
evaluate the “serviceability” of these pillars, considering the healthy pillar strength (peak strength), failed 
pillar strength (residual strength) and the stress distribution acting on the pillar caused by de undercutting 
face. It is possible to estimate a critical serviceability range in the undercutting level, just ahead the 
undercutting face. This method has been validated and calibrated by using the field information of three 
production sectors at El Teniente Mine (Diablo Regimiento, Reservas Norte and Esmeralda), to be used later 
in the New Mine Level pillar behaviour estimation for all of the UCL layout design options. 

1 Introduction 

The New Mine Level (NML) Project at El Teniente corresponds to the most important future project in this 
Codelco Division. The project has reserves of about 1548 Mton with an average grade of 0.99% reaching a 
production rate of 180 Kton/day with a duty life of 50 years. 

Within the cluster of studies carried out by the NML Project Geomechanical Area, there was the concern 
about the behaviour observed in the UCL pillars, which became plastic in the boundaries of the undercutting 
face, displacing the stresses forward, hence generating a zone where the serviceability of the pillar decreased. 
In this case, serviceability is the capacity of the pillar to successfully withstand drilling and blasting, namely, 
ensuring the basal cutting of the mineralized panel. Given this, a study was started with the intent of 
understanding and reproducing such phenomenon to later estimate the low serviceability zones considering 
the NML Project designs.  

2 Mode of failure of the pillars 

Loads: The undercutting face creates an increase in the stress state ahead of the face. This stress state is not 
constant and it reaches its maximum value in the face boundary and decreasing as we move away from the 
face, phenomenon that is depicted in Figure 1. The major acting stress on the pillars corresponds to the major 
principal stress (σ1) that is increased by the stress concentration created by the pillar’s geometry. In function 
of this, we can indicate that it’s possible to estimate the maximum loading value affecting the UCL pillars 
around the undercutting face. 
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Strength: Various authors have defined pillar strength, however, none of the relationships studied seem to 
adequately reflect the El Teniente Mine experience. In this sense, it was determined that the pillar strength 
can be compared with the compressive strength of the rock mass, corrected by a geometrical factor that is 
typical for the pillar shape and size. For the case of the compressive strength of the rock mass, it can’t be 
calculated considering a confinement value equal to zero because despite the confinement in the pillar 
boundary or walls is effectively zero, the elements found inside the pillar do have confinement, with 
maximum confinement in the elements located exactly in the centre of the pillar. 

Therefore, to define the strength, it’s necessary to define an average confinement in the pillar. Hence, for this 
level of confinement, it is possible to determine the rock mass strength at pillar scale.  

Pillar Failure: The pillar failure is commonly defined as the failure that occurs once the pillar’s strength is 
overcome. However, when this happens, the pillar enters into a stage of plastic deformation, because 
although it is failing, the high plasticity existing in it prevents the stresses from being transmitted through the 
pillar, and they are displaced forward (moving away from the cavity), where the pillar is healthy. According 
to this, we can indicate that a zone of pillars around the undercutting face will show plasticized pillars in the 
boundary, phenomenon that will make the maximum stress induced ahead of the face to be redistributed 
ahead of the plasticized pillars and will actually not be in the boundary. The mode of failure has two 
components: on one hand, the pillars that fail and become plastic and contribute with a residual strength and 
on the other hand, the healthy pillar that doesn’t absorb the entire load because it is necessary to discount the 
load that can be absorbed by the plasticized pillar.  

3 Methodology 

To determine the pillar stability in the undercutting level, we shall apply the concept of “serviceability” that 
is related to the operational capacity to drill and blast the pillars in order to ensure the basal cutting of the 
mineralized panel. This concept implies that a stable pillar can show damage that makes it impossible to drill 
and/or later blast. This represents a low to nil serviceability.   This methodology is applied to “Rib Pillars” 
due to the advantage of the calculation simplifications possible in this type of geometry. The pillar 
serviceability factor will be determined as the ratio between the pillar strength and the acting load on the 
section of interest; and these terms are defined as follows:  

x
1x0x

x
1x0x

 
Cross section  

 

w
x

0x

w
x

0x

 
Plan view  

Figure 1            Major principal stress (σ1) distribution ahead of the undercutting face, where x0 
corresponds to a point located just in the undercutting face boundary and where the stress 
value is maximum. On the other hand, x1 is a point located around the face front (moving 
away from the cavity) and where the stress is obviously lower. The solid pillar width is W 
and the drive width is C. 
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Strength: As mentioned above, the pillar strength was calculated considering the rock mass strength and the 
geometrical correction associated to the pillar’s shape and size, while the coefficients were fitted with actual 
data from El Teniente Mine (Reservas Norte, Esmeralda and Diablo Regimiento), hence obtaining:  

3.1

*. ⎥⎦
⎤

⎢⎣
⎡=

H
WeffPR cmbσ

 

Perimetro
AreaWeff *4=

 
Where: 

PR.  = Pillar strength  

 cmbσ  = Rock Mass strength  

for the mean confinement acting on the pillar.  

 Weff  = Effective pillar width (solid).  

 H  = Pillar drift height.  

The value of cmbσ  can be determined in function of the Mohr – Coulomb parameters through the following 
equation:  

φ
φσ

seno
c

cmb −
=

1
cos**2

 

Where C (cohesion) and φ (internal friction angle) are determined for the confinement interval acting on the 

pillar; ratios  31 /σσ  were determined from stress monitoring cells installed in Esmeralda Mine undercutting 
level. Subsequently, it is possible to estimate the confinement range acting on the pillar with them. 

Load: the stresses acting on the UCL pillars are directly proportional to the Caveback geometries, slab and 
undercutting height. In this sense, in order to get this input, different geometries were modelled in a Map3D 
numerical model that – for the case of validations and calibrations – has the same geometry that existed at 
the moment of the stability problems. However ahead of the face, it doesn’t consider the excavations that 
define the pillars (undercutting level drifts).  

Considering this, the stress produced by the model must be increased due to the geometrical effect associated 
to the pillar; and this was done through the method of tributary area. A special consideration is related to the 
type of behaviour of the material in the model. It is elastic, and this implies that the resulting stress values 
will be the maximum values that can be generated by the associated geometry and therefore they will be 
creating designs that guarantee the stability in the worst condition. The stress chosen corresponds to the 
major principal stress σ1, considering that in the pillar there is a stress redistribution associated to the 
undercutting and extraction face, making it to be considered as a vertical stress, directly acting on the pillar. 
The equations used are shown in Figure 2.  
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Vertical cross-section 

Stress distribution ahead of the undercutting face, where it is 
possible to observe a decrease of stresses as we move away 
from the face, while x1 and x2 are two points located ahead of 
the face at a distance defined by operational parameters.  
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Serviceability Factor: once the strength and load is determined, we can determine the serviceability factor. 
It is applied to Rib Pillar sections that have the same burden length as defined for blasting, namely, about 2 
m. The calculation corresponds to the ratio between strength and load for each section, resulting in a “ripple 
or cascade effect” where the load that a section can’t withstand is transferred to the next section (moving 
away from the cavity) until reaching the equilibrium condition (Serviceability factor = 1) for a given pillar 
length. In this moment, the length of the damaged pillar where serviceability is low is obtained. 

4 Calibration and validation 

The methodology described before was applied in Esmeralda, Reservas Norte and Diablo Regimiento sectors 
to verify how it behaves for different pillar widths and geometries. The results were compared to the last 
damage drawings issued by the Operational Geomechanics Area of El Teniente Division Geomechanical 
Superintendence. The results obtained for each sector are shown below, where in each case the “Proposed 
Model” line corresponds to the estimation of the extent of damage in the pillar using the methodology 
developed herein and the “Strong Damage” line corresponds to the strong damage observed in situ 
(Operational Geomechanics reports).  

Figure 2           Equations used to determine the stress that is acting on pillar sections, with an example for 
sections 0-1 and 1-2, where it is possible to see that the load that can’t be contained by section 
0-1 is transmitted to section 1-2 and so on and so forth until reaching equilibrium. 
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Esmeralda: The methodology applied found a good correlation with the zone defined as strong damage 
terrain, see Figure 4, and in this sense, we can indicate from field inspections that effectively, the pillars 
located in this zone are the ones that have the highest level of plasticity with low serviceability. 

Reservas Norte: In this sector it’s possible to observe a good correlation between the curve defined by the 
methodology proposed and the line that defines the strong damage zone, see Figure 5. Subsequent field 
inspections allowed recognizing that effectively in the zones indicated with strong damage, the pillars show a 
low serviceability. 

Diablo Regimiento: In this sector we observe a good correlation between the curve defined by the proposed 
methodology and the line that defines the strong damage zone in the East and South sectors, while it is not so 
in the West sector, where the width of the strong damage zone is much larger than the one resulting from the 
proposed methodology, see Figure 6. Field inspections allowed to observe that the reported damage in situ is 
overestimated in the West sector, with the warning that it is heavily influenced by damages associated to 
seismic activity.   

In general, the serviceability of the undercutting level pillars is good, and from the abovementioned it can be 
concluded that the proposed methodology makes a quite good estimation of the strong damage zone that 
corresponds to the locations where the pillars have low serviceability. The zones where the face geometry is 
not favourable for the pillars are very well represented by the methodology, and it is possible to observe an 
increase in magnitude of the damaged zone in these sectors. 
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Variation of the serviceability Factor (FS) along the pillar, 
where it is possible to observe stabilization as we move away 
from the undercutting face, where FS ≥ 1.0, hence defining a 
damaged pillar zone where serviceability is low.   
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Figure 3           Equations used to determine the Serviceability Factor along pillar sections, giving an 
example for the calculation of section 0-1 and 1-2, where it can be observed that FS in 
section 0-1 is less than 1, therefore, it transfers load to section 1-2 and so on and so forth 
until reaching the equilibrium of  FS ≥ 1.0, thus defining the damaged pillar length.  
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Figure 4           Comparison between the damaged zone predicted by the proposed 
methodology and field surveys in Esmeralda sector.    
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Figure 5           Comparison between the damaged zone predicted by the proposed 
methodology and field surveys in Reservas Norte sector. 
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5 Application to the NML project  

The proposed methodology was applied to the various elevation options for the NML, considering the 
following for Caveback geometries for all the elevations:  

• Undercutting face width = 500m. 

• Slab or veranda size (distance between the undercutting and extraction face) = 40 m.  

• 45º extraction angle (this corresponds to a breakage angle of 72º).  

The variation curve of the damage zone (zone where the Serviceability Factor is less than 1.0) in meters was 
determined for each elevation in function of the solid pillar width, considering the field stresses for the 
different elevations. In addition, the values obtained from the sectors where the validation and calibration are 
illustrated as data points, see Figure 7.     

From the results’ observation, it is clear that there is a need to have a “cut-off value” or threshold to indicate 
the operational acceptability of continuing with the pillars’ drilling and blasting given the extent of the 
damaged zone. It must be reminded that this zone in general corresponds to a sector where the pillar has 
strong damage in its “shell” or “skin”, with low serviceability and not necessarily to a sector with failing or 
inoperative pillars.  
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Figure 6           Comparison between the damaged zone predicted by the proposed methodology and field 
surveys in Diablo Regimiento sector. 
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To determine the extent of the acceptable damaged zone, the field expertise was leveraged, and it was 
possible to notice that a section of up to 25 meters doesn’t create important operational difficulties, however 
this doesn’t mean there are no problems, but that those difficulties can be tackled by the drilling and blasting 
process with acceptable results working under an operational procedure, see Figure 8.  

Considering the charts developed and based on the flat-low cutting experience, we conclude that the pillars 
must satisfy and effective (solid) width of 13 (m) for elevation 2010 m amsl, 16 (m) for elevation 1880 m 
amsl, 20 (m) for elevation 1800 m amsl and 25 (m) for elevation 1700 m amsl.  
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Figure 7            Pillar design curves considering the extent of the failing zone and pillar width for 
the various elevation options in the NML. In addition the pillar widths are shown 
with their respective damaged zones present in the design of some current sectors 
in El Teniente Mine. 
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6 Conclusion 
In function of the results obtained, we can indicate that: 

• As depth increases, the damage associated to pillars increases.  

• For a low undercutting mining system and a damage level of 25 (m), the following solid pillar widths are 
obtained:  

Elevation Solid Pillar Width (m) 
2010 13 
1880 16 
1800 20 
1700 25 

7 Recommendations 

Given the results obtained and based on low-flat cut undercutting designs, we can recommend the following 
for the different elevations of the NML elevations:  

• For elevation 2010, we recommend using a minimum solid pillar width equal to 13 m.  

• For elevation 1880, we recommend using a minimum solid pillar width equal to 16 m. 

• For elevation 1800, we recommend using a minimum solid pillar width equal to 20 m. 

• For elevation 1700, we recommend using a minimum solid pillar width equal to 25 m. 

Additionally, this same methodology is being developed for high and inclined cuts, where seemingly the 
induced stresses are less. Such methodology shall be validated and calibrated with field data.  
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Figure 8           Pillar design curves considering the extent of the failing zone and pillar width for 
the various elevation options in the NML. They include the cut-off or threshold 
value for the extent of damage (25 m) and the pillar widths corresponding to each 
undercutting geometry as per Project engineering designs.  
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Abstract 
The ‘convergence-confinement’ method of interpreting the interaction between ground and support in 
tunnels has proved to be a useful, low cost and simple tool and has notably contributed to gain insight into 
the preliminary support design (Brown et al., 1983, Panet, 1995, Alonso et al., 2003, Guan et al., 2007). 
Nevertheless, depending on the post-peak rock mass behavior – perfect elastoplastic, brittle or strain-
softening- substantial differences in what concerns displacements -ground reaction curve- have been 
reported. The objective of this work is to try to quantify these differences in relation to (i) different post-peak 
rock mass behaviors –perfect elastoplastic, brittle and strain-softening- and (ii) different values of rock mass 
post-peak properties (residual values of post-peak strength parameters –cohesion and friction- and residual 
values of deformability rock mass parameter –dilatancy angle-). This kind of analysis could be useful as a 
preliminary stage in what concerns mass mining, in order to help technicians to characterize accurately the 
caved rock mass. 

1 Introduction 
Most tunnel designs rely today not only on geomechanical classifications, but on analytical techniques such 
as ground reaction curves (GRC) and also on numerical models, such as FLAC (Itasca, 2000). The GRC 
describes the relationship between the decreasing of inner pressure and the increasing of radial displacement 
of tunnel wall, is generally evaluated by theoretical methods, such as analytical or semi-analytical elasto-
plastic analyses based on axial symmetry plane strain assumption.  

According to Guan et al. (2007), these available methods, although distinguished from different failure 
criterions and different post-failure behaviors, can be generally divided into two categories according to their 
treatments for plastic strain. One is the simplified method in terms of total plastic strain, and is represented 
by Brown et al. (1983), Oreste and Peila (1996), Jiang et al. (2001) and others. The other is the rigorous 
method in terms of incremental plastic strain, and is represented by Detournay (1986), Carranza-Torres 
(1999), Carranza-Torres and Fairhurst (1999, 2000), Alonso et al. (2003) and others. 

Guan and co-workers conclude that there is a discrepancy between them in depicting the displacement 
distribution of plastic region. They also indicated that the rigorous semi-analytical method reflects the nature 
of tunnel excavation more realistically. Therefore, the use of the so-called rigorous methods is highly 
convenient if one wants to reliably represent tunnel behaviour. 

The GRC techniques often use elastic perfectly plastic models in practice. If failure is allowed to occur, these 
simple models do not represent well the actual stress strain behaviour of the rock mass, except for bad 
quality rock masses. In all other cases, strain softening or brittle models are convenient to simulate ground 
behaviour correctly. The challenge with these non-linear models is that they require the input of generally 
unknown material properties.  

Recently, some researches are considering this important topic to deepen our knowledge on rock mass stress-
strain behavior. For instance, Cai et al. (2007) have proposed to extend the GSI system for the estimation of 
rock mass residual strength. They adjust the peak GSI to the residual GSIr value based on two major 
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controlling factors in the GSI system. This method for the estimation of rock mass residual strength has been 
validated by using in-situ block shear test data from cavern construction sites. 

The authors of this paper have been working for the last years in the development of techniques which are 
able to obtain GRC for tunnels excavated in strain-softening continua, as well as in the post failure dilatant 
behaviour of rock masses (Alonso et al., 2003; Alejano and Alonso, 2005). In what follows, a standard 
tunnel to be excavated in an average quality rock mass is selected and all their significant parameters are 
estimated. Then, GRCs for the tunnel are obtained, for increasing levels of model complexity and, we 
believe, realism.  

2 Strain-softening behaviour 
Strain-softening behaviour, or to be more precise, strength weakening behavior is founded in the incremental 
theory of plasticity (Charlez, 1991, Halphen and Salençon, 1987, Hill, 1950), developed in order to model 
the process of plastic deformation. According to this theory, a material is characterized by a failure criterion 
f, and a plastic potential, g. One of the main features of the strain-softening behaviour model is that the 
failure criterion and the plastic potential do not only depend on the stress tensor σij, but also on the so-called 
plastic or softening parameter η. Then, the behaviour model is plastic strain dependent. 

The failure criterion is defined: 

  0)η,σ,f(σ 31 =  (1) 

The strain-softening behaviour is characterized by a gradual transition from a peak failure criterion to a 
residual one (Figure 1). This transition is governed by the softening parameter η. In this model, the transition 
is defined in such a way that the elastic regime exists while the softening parameter is null. The softening 
regime occurs whenever 0 < η < η*, and the residual state takes place when η>η*, being defined η* as the 
value of the softening parameter controlling the transition between the softening and residual stages. The 
slope of the softening stage or drop modulus is denoted by M. If this drop modulus tends to infinity, the 
perfectly brittle behaviour appears, and if it tends to zero, the perfectly plastic behaviour is obtained. It is 
clear then, that the perfectly brittle or elastic-brittle-plastic and the perfectly plastic behaviour models are 
limiting cases of this strain-softening model, which can be considered as the most general case. 

 

Figure 1 Stress-strain curve of an unconfined test performed on a sample of a strain-softening 
material. 

If we consider a Mohr-Coulomb yield criterion: 

  
( , , ) ( ) 2 ( ) ( )f K C Kr rσ σ η σ η σ η ηθ θ φ φ= − −

 (2) 

a plastic potential in the form: 
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( , , )g Kr rψσ σ η σ σθ θ= −

 (3) 

where Kψ  is known as dilation coefficient or dilatancy relationship: 

  

1 sin

1 sin
Kψ

ψ

ψ

+
=

−  (4) 

The model can be defined by means of piecewise lineal functions of plastic parameter for cohesion C(η) and 
friction angle φ(η) being φp and cp the peak parameters and φr and cr the residual ones (Figure 2). The elastic 
regime is characterized by young modulus E and Poisson’s ratio ν. The plastic parameter usually considered 
is the plastic shear strain: 

  1 3
p p p p p

rη ε ε ε ε γθ== − − =  (5) 

 

Figure 2 Cohesion and friction angle functions of plastic parameter 

3 Angle of dilatancy model 
According to Cai et al (2007), it should be noted that constant dilation is an approximation that is clearly not 
physically correct. Following these authors, in rock engineering practice, this assumption was made largely 
because little was known about how the dilation of a rock mass changes past peak. 

A comprehensive review of the literature and observations in regard to published test results indicated that 
dilatancy is highly dependent both on the plasticity already experienced by the material and confining stress. 
In a previous work (Alejano and Alonso, 2005), peak dilatancy and friction angle values recovered from a 
high quality series of tests were compared to confinement stress to show that peak dilatancy is highly 
dependent on confinement stress. Peak friction angles were estimated from the slope of the corresponding 
Hoek-Brown failure criterion (Hoek and Brown, 1997) for the corresponding stress level and sample size. 
For low stress levels, peak dilatancy and friction angles correlate well, whereas for higher stresses the values 
tend to diverge, with the difference becoming greater as confinement stress increases. It turns out, then, that 
the assumption ψp=φp is not an erroneous one for peak dilatancy at very low stress levels, which would 
explain the commonplace assumption of associated flow rules in the early stages of development of the rock 
mechanics discipline. Nonetheless, this assumption is clearly imprecise for higher stress levels, as rock 
failure usually occurs in shear-bands or in new discontinuities, and particularly in soft to medium rock.  

In this way the following expression was proposed:  

  
0.1σ

σ
log

σlog1
φψ

3

ci
10

ci10

p

peak ++
=  (6) 

where φp(º) refers to the peak friction angle which can, moreover, be calculated as the slope of the Hoek-
Brown failure criterion. σci is the unconfined compressive strength of the intact rock, and σ3 is the 
confinement stress. 

In order to study dilatancy angle decay in line with plasticity, the first option was to assign an exponential 
decay function to the Kψ (dilatancy relationship). The decay goes from the previously estimated peak value 
to a null value corresponding to no plastic volume increase. This null value is proposed in the light of the fact 
that a rock cannot dilate infinitely. We thus proposed: 
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where the parameter γp* or plasticity parameter constant, must be calculated for each type of rock.  

4 Tunnels models 

4.1 Rock mass and tunnel features 
A 7 m radius tunnel is excavated in a basaltic rock mass. A depth of 450 m is considered for this analysis. 
Based on laboratory tests, average values of unconfined compressive strength of σci = 23 MPa and mi =10 
have been obtained. The Geological Strength Index, GSI, was estimated in a mean value of 55. An average 
Barton’s Q of 0.7 was also estimated from field data. It is wise to conservatively consider very poor quality 
blasting and local damage in the surrounding rock mass (D = 0.8). 

The value of GSI, starting from Cai et al. (2004), can be considered as depending on the description of two 
factors: rock structure (estimated from block volume or block size) and block surface condition (estimated 
from the joint condition factor or JC ). The main advantage of this method is that in its extension (Cai et al., 
2007) it permits to obtain the residual strength. We have obtained a residual value of GSI, for the plastified 
material equal to 33. 

The obtained parametric values of the rock mass and rock lab tests, yields a complete set of rock mass data 
of the rock mass. This data, presented in table 1, is the base for developing post-failure models. 

Table 1 Geomechanical parameters of the rock mass. 

Parameter    Unity  Rock mass 
GSIpeak - 55 
Q - 0.7 
GSIresidual - 33 
σci MPa 23 

γ kN/m3 26.7 
E GPa 3.837 
ν - 0.25 
Cp MPa 0.744 
φp º 24.81 
Cr MPa 0.397 
φr º 15.69 

Based on structural observations, an isotropic stress field is contemplated. In what concerns dilatancy various 
constant values as recommended by Hoek and Brown (1997), together with the variable dilatancy model 
previously presented are used. 

5 Behavior models of increasing complexity and realism 
There will be shown in this section, a series of models of increasing complexity and we believe realism, to 
model the actual behavior of the tunnel.  

Model No. 1, presented in Figure 3 represents the elastic perfectly plastic model. This is the one usually 
applied in practice, even if it only represents adequately bad quality rock masses. 

Model No. 2, shown in Figure 4, presents the brittle behavior model. It includes peak and residual strength 
criteria, but it does not account for strength weakening realistically. According to Hoek and Brown (1997) 
this behavior can be reasonably assumed for good and very good quality rock masses. However, recent 
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observations indicate that the behavior of this material is not that simple; and new models are needed to 
suitably model hard rock mass behavior. We have assumed a constant dilatancy angle value equal to one 
fourth of the peak friction angle, as suggested by Hoek and Brown (1997). The parameter η* as proposed by 
Alonso et al. (2003) is calculated to fit the brittle behavior: 

  

.
*, *, 1 3 1 3
1 3

( ) ( )* · 1
2

peak res
pl pl K

E
ψσ σ σ ση ε ε

⎛ ⎞−
= − = +⎜ ⎟

⎝ ⎠   (8) 

 

Figure 3 Model No.1, elastic perfectly plastic behavior model. Constant dilatancy angle=0 

 

Figure 4 Model No.2, elastic brittle behavior model. Constant dilatancy angle=φp/4 

Model No. 3, illustrated in Figure 5, represents a first simple approach to the so-called strain-softening 
models. In fact, it is more correct to name this type of models strength-weakening, as suggested by Cai and 
co-workers, and we have adopted this naming criterion. It has been assumed that the drop modulus is a 
constant value. We have assumed a drop modulus equal in absolute value to one third of the elastic modulus. 
We have also assumed a constant dilatancy value equal to one eighth of the peak friction angle, as suggested 
by Hoek and Brown (1997), for average class rock masses. The parameter η* (value of the plastic parameter 
which marks the transition to the residual values of strength) as proposed by Alonso et al. (2003) is 
calculated to fit the presented strength drop according to: 

  

.
1 3 1 3*, *,

1 3

4· ( ) ( )
* · 1

2

peak res
pl pl K

E
ψσ σ σ σ

η ε ε
⎡ ⎤− ⎛ ⎞⎣ ⎦= − = +⎜ ⎟

⎝ ⎠   (9) 



 

 798

 

Figure 5 Model No.3, strength weakening with constant drop modulus and constant dilatancy. 
Constant drop modulus –E/3. Constant dilatancy angle=φp/8. 

Model No. 4, presented in Figure 6, represents a strength-weakening model more complex than the previous 
one. Trying to represent the trends observed in large size rock tests the value of the post-failure drop 
modulus is decreased for increasing values of the confining stress. A simple formulation has been adopted, in 
which the drop modulus varies in a direct proportional way from –E to –E/5, from σ3=0 to σ 3=10 MPa. A 
constant dilatancy value equal to one eighth of the peak friction angle has been assumed. As in the previous 
models, the transition value of the plastic parameter is calculated to fit the presented model, according to: 

  

.
1 3 1 3*, *,

1 3

3

· ( ) ( )
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2
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ψσ σ σ σ
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⎝ ⎠
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Finally, model No.5, presented in Figure 7, represents a strength-weakening model, seeking to represent 
actual behavior. The variable dilatancy model as presented in Section 3 has been included. This model 
suitably represents the actual behavior of average quality rock masses. The dilatancy model is implemented 
as indicated. A value of γp* =0,02=20 mstrain is assumed for the basaltic rock mass. The parameters to enter 
in these models were presented in table 1, with dilatancy values as indicated and plastic parameters to be 
calculated in each case. 

 

Figure 6 Model No.4, strength weakening with drop modulus decreasing with strength and 
constant dilatancy. Decreasing drop modulus from –E (σ3=0MPa) to –E/5 (σ3=10MPa 
Constant dilatancy angle=φp/8 



 

 799

 

Figure 7 Model No.5, strength weakening with drop modulus decreasing with confining stress 
and variable dilatancy. This model tries to represent the observed behavior of average 
quality rock masses. Decreasing drop modulus from –E (σ3=0MPa) to –E/5 
(σ3=10MPa). Variable dilatancy. 

6 Ground Reaction Curve of the tunnels. Results 

6.1 Initial considerations 
The ground reaction curves for the indicated tunnel can be calculated rigorously following the proposal by 
Alonso et al. (2003), according to the different behavior models presented. Little changes have been 
introduced in the original MATLAB code to account for the particularities of the presented models. 

6.2 Analysis of obtained results of Ground Reaction Curves 
In Figure 8 the ground reaction curves for all models are presented. It can immediately be observed the 
enormous differences between the final displacements changing from around 16 cm for the elastic perfectly 
plastic case (Model No. 1) to around 3 m for the purely brittle case (Model No. 2). This is a clear indication 
of the dramatic error that can be made when the model selection is not based on wise criteria. It is also 
important to put forward that the support and reinforcement effect is highly dependent on the moment of 
installation, and this is usually controlled by means of the distance to the face and the maximum 
displacement. This displacement, as we have just seen, may vary one order of magnitude according to the 
model selection. The actual behavior of the tunnel excavation must obviously be in-between the two extreme 
cases presented.  

If we would obtain now, according to the work by Oreste (2003), the curves corresponding to the support 
and reinforcement as obtained from the standard Q classification system, it would results non-surprisingly 
that the recommended support and reinforcement would be able to support the tunnel excavated in the elastic 
perfectly plastic medium, but not in the brittle one. 

It has been shown how elastic perfectly plastic and brittle behavior models (extreme cases) does not seem to 
adequately represent actual average quality rock masses. All the space in between the curves presented in 
Figure 8 can be filled by means of different strain softening or strength weakening behavior models. This 
means that the use of this type of model can be considered a wide frame where different conditions can be 
proposed.  



 

 800

 

Figure 8 Ground reaction curves of the analyzed tunnel for the five presented behavior models. 

In this paper, the first weakening model used (Model No. 3) is a case with constant drop modulus equal to 
minus one third of the Young’s modulus of the rock mass. 

Model No. 4 represents a new step towards actual behavior for it includes decreasing drop modulus as far as 
confinement increase as observed in actual rock masses. In this case the GRC (Figure 8) yields a final 
displacement of 56 cm, which according to our experience seems more in the expectable range for these 
excavations. 

Model No.5 is an evolution of the previous model in which a variable dilatancy model as presented in section 
3 is included. To our knowledge, this model should suitably represent actual rock mass behavior. As it can be 
seen in Figure 8 the corresponding GRC is closer to that corresponding to Model No.4, even if the final 
displacement is somewhat smaller, achieving a value 51 cm. From a practical engineering scope these two 
last results are basically coincident. However, it is important to put forward the fact that the model selection 
and the correct definition of the parameters representing the strength weakening behavior model utilized is of 
paramount significance in order to adequately design tunnels according to the convergence-confinement 
method or to numerical modeling either. 

We have obtained now the corresponding support and reinforcement curves, following again the techniques 
indicated by Oreste (2003), for the case of 10 cm reinforced shotcrete and 1.5 m spaced Swellex rock-bolts, 
and for the same case with 25 cm of reinforced shotcrete. Results are illustrated in Figure 9. 

It is first the first aspect to remark the fact that the proposed support and reinforcement is able to keep the 
tunnel stability, even if in a somewhat scarcely stability state. This can be due to the fact that the tunnel is 
quite deep to apply exclusively classification systems.  

However, the tunnel, provided that this last GRC was correct would be very close to instability (even if 
stable) with an equilibrium pressure around 0.4 MPa, and around 10 cm of displacements after the support 
and reinforcement installation, with a final displacement around 35 cm.  

This would be compatible with obtaining a final operative radius around 6.5 meters. According to the Hoek 
(1999) approach, the safety factor would be scarcely higher than 1. It is obviously not convenient to 
recommend this design even if it is obvious that a stress-strain equilibrium point is found for the case. 
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If we define a strain-based safety factor as the ratio between the ultimate strain of the support system and the 
actual strain of the support system (as proposed by Oreste, 2003) also a very limited value around 1.1 is 
obtained. Therefore such a support and reinforcement system cannot be recommended. 

 

Figure 9 Ground reaction curve of the analyzed tunnel for the more realistic strength weakening 
model and two possibilities of combined support. Further explanations can be found in 
the main text. 

In fact, for the final design and in the light of these results, it has been recommended to increase the 
thickness of the shotcrete to 25 mm in order to yield a stress safety factor of 1.3, and a strain safety factor 
well over 4. All in all with an equilibrium point of Pi = 0.74 MPa and ui = 246 mm. These values are 
compatible with the technical design of the excavation. 

7 Conclusions 
A case study is shown, in which a tunnel is selected and all of their significant parameters are estimated. 
Then ground reaction curves for the tunnel are obtained for increasing levels of model complexity, starting 
from the elastic-perfectly plastic and the brittle approaches, following with strain softening (strength 
weakening) models in which post failure parameters have been calculated by means of the newly developed 
techniques (Cai et al., 2007) and finally, with a strain softening model including confining stress and plastic 
strain dependent dilatancy. The effects of the standard support and reinforcement are assessed. 

It is important to highlight than in all the presented cases the plastic aureole remain constant and therefore, 
the observed variability in final displacement is only due to post-failure strain behavior, which turns out to be 
highly significant to control excavation behavior. 

The main conclusion to put forward regards the high level of error attained in practice engineering when 
oversimplified models are used to obtain ground reaction curves or to perform numerical models. This is 
probably the reason why the use of Ground Reaction Curves is still very limited in practice rock engineering.  

The analysis of the influence of the post-failure behavior on the GRC let us explore support and 
reinforcement possibilities. The simplified methods for the obtaining of the GRC under or overestimate the 
radial displacement. More rigorous methods capable to considered particular post-failure behavior, especially 
when rock mass behavior is properly calibrated, yield more realistic values of displacements. An effort is 
needed to further study rock mass post-failure behavior. 

We finally want to stress the fact, that it is necessary to improve the quality of the estimates of field-scale 
rock mass post-peak parameters in order to gain confidence in forward modelling and ground support design.  
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It is finally important to underline the fact that with high quality estimates of field-scale rock mass post-peak 
parameters improved confidence in forward modelling of ground support can be gained. 
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Abstract 
The behaviour of the rockmass immediately surrounding an excavation (e.g. open pit slope, underground 
mine drift, etc.) will ultimately determine the overall performance of the excavation itself and the general 
operational safety, as well as providing the basis for support requirement decisions. Very often the near-field 
rockmass is significantly disturbed or damaged by blasting and redistribution of stresses. Any damage or 
disturbance to the near-field host rock will result in reduction to the strength and stiffness of the rockmass 
and consequently affect the stability of the excavation. In this paper a series of numerical analyses was 
conducted to study the behaviour of the near-field host rock, with a damaged rock zone around the 
excavation boundary. Typical underground mining drift geometry was used in building the models. The in-
situ rockmass parameters are those typically encountered in the Swedish hard rockmass system, including 
the in-situ stresses. The results show that, the stability parameters; induced stresses and ground deformation, 
were observably affected by the presence of the damaged rock zone, as expected. 

1 Introduction 
When an excavation is carried out in a body of rock the mechanical, hydraulic and physical properties of 
rock zone immediately surrounding the excavation are disturbed. The zone in which these disturbances occur 
is usually referred to as the excavation disturbed zone, disturbed rock zone, yield zone, etc. This zone is 
characterized by reduction in rock mechanical properties and increase in hydraulic properties (see Figure 1). 
Changes to these properties will significantly affect the global behaviour of the near-field rockmass and thus 
the overall performance of an excavation. The negative implications are clear and are related to instability 
problems. On the other hand, in high in-situ stress environments the presence of the disturbed zone can be a 
positive factor. As illustrated in Figure 2, a region with reduced strength and stiffness will act as “cushion” 
by deflecting high stresses away from the excavation boundary and in doing so protect the excavation from 
stress induced instabilities. The phenomenon illustrated in Figure 2 is the basis for destressing and 
preconditioning practices in deep hard rock mines (e.g. Roux et al. 1957 and Topper et al. 1998). Malmgren 
(2005) showed the importance of the interaction between surface rock support and the damaged zone. 

Numerical modelling of the near-field host rock demands an in-depth knowledge of the rockmass and its 
inherent physical and mechanical properties. Barla et al. (1999) noted that the key to the success of any 
numerical modelling process is the level of understanding achieved in describing the rockmass conditions. 
The lack of quantitative understanding of a rockmass often makes it very difficult to accurately model the 
behaviour of the rockmass around an excavation. When limited information is available the continuum 
approach of numerical analysis is preferred over the discontinuum approach. This is because the continuum 
methods only require equivalent material properties while the discontinuum methods require an explicit 
description of the rockmass. Therefore the continuum approach is widely used in preliminary investigations 
(e.g. Singh 1973a and 1973b, Barla et al. 1999 and Sitharam et al. 2001). 

In order to study the effects of the damaged rock zone around a mining drift, a series of numerical models 
were set up using FLAC (Itasca 2005) and a number of scenarios were tested. Typical in-situ values for the 
rockmass and stress regime, often encountered in the Swedish hard rock environment, were used in the 
analyses. The results, as expected, showed that the damaged rock zone around the drift has an observable 
effect on the induced stress and displacement magnitudes, which are important stability parameters.  
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Figure 1 (a) Characteristics of the near-field host rock (modified after Sato et al. 2000). (b) 
Behaviour of the mechanical and hydraulic parameters around the excavation. 

(a)    (b)  

Figure 2 Stress trajectories around a drift; (a) with damaged zone and (b) without damaged 
zone. 

3 Method 

3.1 Model setup 
The excavation and model geometries used in the analyses are shown in Figure 3. The dimensions of the 
excavation, in Figure 3 (a), are representative of those found in Swedish hard rock mines. A finite zone of 
damaged rock (both blast- and stress-induced) with uniform thickness is added into the model (Figure 3 (b)). 
An average damaged zone thickness of 0.5 m, considered to be typical for Swedish hard rock mines (e.g. 
Malmgren et al. 2007 and Bergman 2007) was used in the standard model, where most of the parameter 
study was conducted. The excavation depth for the standard model is 1000 m. 

3.2 In-situ parameters and inputs 
The in-situ rockmass parameters used in deriving the inputs for numerical analysis are shown in Table 1. 
Using these parameters the equivalent rockmass compressive strength and deformation modulus were 
calculated using the GSI-Hoek-Brown empirical method (Hoek et al. 2002). However, the plastic strength 
parameters; cohesion (c), friction (φ) and tensile strength (σt) were obtained via the particle interaction 
method, utilising the code PFC2D (Itasca 2002). The derivation procedure is described in Saiang (2008). 
Table 2 shows the inputs, which also form the basis for the standard model. 

Although the values for the plastic strength parameters could have been estimated using the GSI-Hoek-
Brown empirical method, Saiang & Nordlund (2007) have shown that it is difficult to estimate reasonable 
values using this approach for the massive hard rock system simulated in this paper. Elsewhere, Diederichs 
et al. (2007) and Carter et al. (2007) have also expressed similar difficulties with the GSI-Hoek-Brown 
empirical method for estimating strength parameter values for massive hard rockmass systems. 
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The Young’s modulus of the near-field rockmass was varied linearly from the tunnel boundary into the 
virgin rockmass as illustrated in Figure 4 (a), which was easily implemented in FLAC using a FISH function. 
The simplified linear variation of the deformation modulus is based on evidences from seismic wave 
measurements around tunnel boundaries (e.g. Malmgren et al. 2007); see Figure 4 (b). 

The in-situ stresses used in the model are those reported by Stephansson (1993), which are based on over-
coring measurements.  

gzV ρσ =  (1) 

zH 044.07.6 +=σ  (2) 

zh 034.08.0 +=σ  (3) 

where σv is the vertical stress, σH is the maximum horizontal stress, and σh is the minimum horizontal stress. 
ρ, g and z are the density, gravitational acceleration and depth respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  (a) Drift geometry and (b) model geometry and boundary conditions.  
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Figure 4 (a) The rockmass deformation modulus is linearly varied from excavation boundary up 
to the damaged-virgin rock boundary. ED and Em are damaged and virgin rock 
deformation moduli, respectively. (b) Changes in P-wave velocity observed from mine 
drift damage investigation studies (after Malmgren et al. 2007). 

 

5 
m

 

3.
5 

m
 

7 m 

Damage rock zone 

Fine grid

Coarse grid 

60
 m

 

50 m 
(a) (b) 



 

 806

Table 1 In-situ rockmass parameters 

Parameter Value 
Intact compressive strength, σci 200 MPa 
Geological Strength Index, GSI 60 
Hoek-Brown rock constant, mi 33 

Table 2 Input parameters and their values for damaged and undamaged rockmass 

Parameter Undamaged rockmass Damaged rockmass 
Young’s modulus, E 18 GPa 12 GPa 
Poisons ratio, ν 0.25 0.25 
Cohesion, c 5.8 MPa 3.1 MPa 
Friction, φ 32o 31o 
Tension, σt 2.5 MPa 1.3 MPa 
Dilation, ψ 9o 7o 
Peak strain, εp 0.06% 0.05% 
Residual strain, εr 0.46% 0.35% 
Residual cohesion 0.6 0.4 
Residual friction 35o 38o 

3.3 Analyses method 
The Mohr-Coulomb Strain-Softening (MC-SS) constitutive model was used in the numerical simulations, 
since the post-peak characteristic of the damaged rock was previously observed to be important (see Saiang 
2008). The equivalent continuum approach was assumed and thus the FDM numerical code, FLAC (Itasca 
2002), was employed.  

For the purpose of damaged zone parameter study a standard model was setup at a depth of 1000 m, with 
inputs shown in Table 2. A number of cases (see Table 3) were simulated. For case 6, where the compressive 
strength was tested, PFC2D (Itasca 2005) was used in deriving the input values for c, φ and σt. This involved 
performing Brazilian and biaxial tests on the synthetic rockmass specimen with the specified uniaxial 
compressive strength to obtain a strength envelope and subsequently the values for c, φ and σt (see Saiang 
2008). Figure 5 is the result of these PFC tests. The values for the strength components are derived from the 
chart in Figure 5.  

The effects of the damaged rock were studied by analysing the magnitudes of the tangential stresses and 
displacements for the various cases simulated. These parameters also have direct correlation to the stability 
of an excavation.  

Since mining excavations are usually located at greater depths, the simulations in this paper are conducted 
for depths of 100 to 2000 m, which are considered as deep excavations.  

Table 3 Modelled cases 

Case Description 
Case 0: Standard model 
Case 1: No damaged zone 
Case 2: Varying thickness of the damaged zone 
Case 3: Varying depth or overburden 
Case 4: Varying horizontal to vertical stress ratio 
Case 5: Varying deformation modulus of the damaged zone 
Case 6. Varying compressive strength of the damaged zone 

 



 

 807

10

8

6

4

2

0

C
oh

es
io

n 
an

d 
Te

ns
io

n 
(M

P
a)

2015105
Rockmass compressive strength (MPa)

36

34

32

30

28

26

24

22

20

Friction angle (degrees)

Plots based on PFC simulations

Tensile strength

Cohesion

Friction angle

[Intact rock parameters: compressive strength=200 MPa, GSI=60, mi=33]

 
Figure 5 Chart used in choosing the values for the strength components for the compressive 

strength test 

4 Results 
Figure 6 (a) shows the induced stresses around the tunnel resulting from the in-situ stress regime and the 
rockmass type given earlier. For the sake of consistency only the tangential stress (σθ) will be used in 
analysing the effects of the damaged zone. In order to asses the effects of the damaged zone on tangential 
stress and displacement magnitudes, measurements were made at the points shown in Figure 6 (b). Points A 
and C are at/near the tunnel boundary while points B and D are located on the boundary between damaged 
and undamaged rockmass. 

(a)     (b) 

A
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C D
 

Figure 6  (a) Induced stresses, without damaged zone, at 1000 m depth and (b) measurements 
points on tunnel boundary where the tangential stress and displacement magnitudes 
were analysed.  

4.1 Case 0 and Case 1: Standard and no damage cases 
The tangential stresses in the tunnel roof and wall, with and without the damaged zone, are shown in Figures 
7 (a) and (b). The effect of the damaged zone on the tangential stresses is obvious. With the damaged zone 
the magnitudes of the tangential stresses near the tunnel boundary are reduced by approximately 50% from 
those without the damaged zone, both in the wall and the roof. The displacements on the other hand, 
increased by 10%, both in the roof and the wall, when a damaged zone is added to the model (see Figures 8 
(a) and (b)).  
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Figure 7  Behaviour of the tangential stresses, with and without damaged zone, along a straight 
line in; (a) tunnel roof and (b) tunnel wall. 
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Figure 8  Displacements with and without damaged zone along a straight line in (a) tunnel roof 
(b) tunnel wall. 

4.2 Case 2: Varying thickness of the damaged rock zone 
The tangential stress and displacement magnitudes at points A and B in the tunnel roof, and C and D in the 
wall, are shown in Figures 9 (a) and (b), for the various damaged zone thicknesses. The effect of damaged 
zone on the tangential stress at the tunnel boundary becomes less significant for thicknesses greater than 2 m. 
Although not remarkable the displacements also show similar tendency after 2 m.  
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Figure 9  Effect on the magnitudes of (a) tangential stress and (b) displacement, as the thickness 
of damaged rock zone is varied. 
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4.3 Case 3: Varying depth or overburden 
Figures 10 and 11 show the tangential stress and displacement magnitudes at Points A, B, C and D, when the 
depth is varied between 100 and 2000 m. The models were run for cases with and without damaged zone. In 
Figure 10 (a) the roof tangential stresses at Point A are reduced by 50% with the presence of the damaged 
zone. However, the magnitudes for both cases, damaged and undamaged, remain constant over the depths 
simulated.  

In Figure 10 (b) the tangential stress magnitudes at Points C and D increases in lognormal form from 100 to 
2000 m excavation depths. Like in the roof the tangential stresses in the tunnel wall are also halved when the 
damaged zone is present, irrespective of excavation depth.  

Figures 11 (a) and (b) shows the displacement magnitudes at points A and B in the roof, and C and D in the 
wall at depths between 100 to 2000 m. The displacement magnitudes increase with a low exponential form. 
The difference in the displacement magnitudes between damage and no damaged cases is approximately 
10%, irrespective of depth. 
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Figure 10  Tangential stress magnitudes with varying depths at (a) Points A and B in roof and (b) 
C and D in the wall. 
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Figure 11  Displacement magnitudes with varying depths at (a) points A and B in the tunnel roof 
and (b) points C and D in the tunnel wall. 

4.4 Case 4: Varying horizontal stress to vertical stress ratio 
Figures 12 (a) and (b) show the effects of the damaged zone on tangential stress and displacement 
magnitudes resulting from variation in the horizontal to vertical stress ratio. For ratios less than 1.0 the roof 
tangential stress shows lower values at points A and B. However, for ratios greater 1.0 the values remain 
almost constant.  

In the wall the tangential stresses are high for ratios less than 1.0, drops to minimum values at a ratio of 1.0 
and then increase to constant values at ratios greater than 1.0. This effect could be related to the destressing 
phenomenon around the tunnel wall, as indicated by the induced stress behaviour shown in Figure 6 (a).  
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The displacement magnitudes, both in the roof and wall, increase with an exponential form with increasing 
horizontal to vertical stress ratios. As expected the displacements are higher in the roof than the wall for 
ratios less than one, since the vertical stress is larger than the horizontal stress. 
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Figure 12  Variation in the magnitudes of (a) tangential stress and (b) displacement, at the points 
in the roof and the wall when the horizontal to vertical stress ratio was varied.  

4.5 Case 5: Varying deformation modulus of the damaged rock 
The effect of varying deformation modulus of damaged rock, ED, on the tangential stress and displacement 
magnitudes is shown in Figures 13 (a) and (b). The tangential stress magnitudes at points A and C reduce 
rapidly for reduction in the ED of up to about 20% and thereafter the magnitudes are almost constant. The 
displacement magnitudes, however, increase with increasing reduction in ED up to 10% reduction and is 
almost constant from 10% reduction and onwards (see Figure 13 (b)).  
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Figure 13  Effect on (a) tangential stress and (b) ground displacement magnitudes, at 1000 m 
depth when the deformation modulus, ED, of damaged zone is reduced.  

4.6 Case 6: Varying compressive strength of the damaged rock 
Figures 14 (a) and (b) show the effects on the tangential stress and displacement magnitudes, respectively, as 
the compressive strength of the damaged rock is varied. The tangential stress magnitudes at points A and C 
reduce in a linear form, while at points C and D they remain constant. The displacement magnitudes increase 
slightly with reduction in the compressive strength. On the damaged zone boundary (points B and D) the 
displacement magnitudes also remains constant. 
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Figure 14  Effect on the magnitudes of (a) tangential stress and (b) displacement, as the 
compressive strength of damaged rock is reduced. 

4.7 Parameter sensitivity. 
Figures 15 and 16 show the sensitivities of the parameters tested, in terms of maximum percentage variation 
from the standard case model results. The deformation modulus and compressive strength variation yielded 
about 50% variation from the standard case results, at points A and C, when there is no damaged zone (see 
Figures 13 and 14). However, at the damaged zone boundary (points B and D), the variation at Point D is 
quite sensitive to the variation in the deformation modulus, which can be expected due to high horizontal 
stresses accumulating outside the damaged zone, because of its softening effects. The damage thickness 
variation gave large variation in the tangential stress, 73% in the roof and 89% in the wall, at the damaged 
zone boundary (i.e. points B and D). This indicates the effect of the damaged zone thickness to force high 
stresses magnitudes to concentrate outside the damaged zone in stiffer rockmass. Variations in the horizontal 
to vertical stress ratio yield about the same results on the tunnel boundary and the damaged zone boundary, 
35 to 36% in the roof and 30 to 32% in the wall.  

The percentage variations in the displacement magnitudes are small (10 to 12%) in that roof and the wall 
with respect to variation in the deformation modulus and compressive strength. The percentage variation 
increased to 29% in the roof and 19% in the wall, when the thickness is varied from 0.5 to 2.0 m, which is 
the realistic damage zone thickness (e.g. Bergman, 2007). The highest deformation occurred when the 
horizontal to vertical stress ratio is increased to about 3.0. For this case the deformation at the tunnel 
boundary exceeded 150%, both in the wall and the roof, indicating that this parameter can have significant 
impact on the response of the near-field rockmass in general.  
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Figure 15 Percentage variations in the tangential stress at points (a) A and B in the roof and (b) C 
and D in the wall, when different parameters of the damaged zone are varied.  
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Figure 16 Percentage variations in the displacement at points (a) A in the roof and (b) C in the 
wall, when different parameters of the damaged zone are varied.  

5 Discussions and conclusions 
The effect of the damaged rock zone on the stability parameters around the tunnel boundary were observable, 
as expected. With the presence of the damaged zone the magnitudes of the tangential stress at the tunnel 
boundary were reduced by approximately 50% compared to the case without a damaged zone, while the 
displacement magnitudes were reduced by 10%. The strength and stiffness of the damaged zone are thus 
important parameters that will influence the magnitude of the induced stresses near the tunnel boundary. On 
the other hand the deformations corresponding to these parameters are quite low, despite the strength and 
deformation modulus were reduced to 50% in the tests. A stress arch was observed to form around the tunnel 
when a damaged zone was introduced. This phenomenon led to lower magnitudes of the tangential stresses 
near the boundary (see Figure 7), thus leading to less deformation of the boundary rock.  

The thickness of the damaged zone has a more significant effect on the tangential stress magnitudes outside 
the damaged zone than near the tunnel boundary. This demonstrates that, at high in-situ stress environment 
the presence of the damaged rock will play an important role in combating excessive stress accumulation 
near the tunnel boundary. For the cases simulated in this paper a damaged zone thickness of 2.0 m is found 
to be the limit for any noticeable effects on the tangential stress and displacement magnitudes. Indications 
are that, the complexity of the induced stresses (see Figure 6) led to a region of destressing which begin at a 
depth of about 2.0 m into the rock. This in turn resulted in a well developed stress arch forming around the 
tunnel outside this depth and consequently less observable deformations can be expected. Incidentally, 
Bergman (2007) reported measurable deformations around Kristineberg mine drifts to occur up to a 
maximum depth of 2 m, which he concluded as being the damaged zone, mostly related to high stresses.  

Variation in the horizontal to vertical stress ratio significantly affected the displacement magnitudes, which 
is expected. An increase in the ratio by a factor of 3.0 resulted in the change in deformations from the 
standard case model results by more than 100%.  

In conclusion, the conceptual model demonstrated that, the presence of the damaged rock around a mine drift 
is an important factor for stability considerations as well as for support design purposes (e.g. Malmgren 
2005). Understanding of this zone through numerical analysis and field investigations can lead to improved 
design criteria for support design as well as the level of risks in terms of stability.  
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Abstract 
The GSI classification system has been developed to directly obtain commonly used engineering design 
parameters such as the Mohr–Coulomb or Hoek–Brown strength parameters or the rock mass modulus. 
However, the simple application of the GSI system is somewhat hindered by the fact that its use is subjective 
and requires long-term experience. Thus, a quantitative approach to assist the less experienced engineer or 
geologist in assigning a representative GSI value according to the block volume and joint condition was 
developed. The heart of the GSI classification system is a careful engineering geology description of the rock 
mass. This quantification work best for rock masses with three or more intersecting discontinuity sets, and 
when the structural fabric is not tectonically destroyed.  

Therefore, it is necessary to provide more reasonable and independent approach in order to estimate a 
range of the GSI rather than a single value of the GSI. In this study, digital photogrammetric methods which 
have recently emerged and are quickly taking over the conventional methods of geomechanical mapping are 
adopted to quantitatively estimate geometric characteristics of blocky rock masses as well as statistical 
analyses to assess variability of the characteristics for estimation of a range of the GSI. Both stereographic 
projection and 3-dimensinal distinct element methods are applied to demonstrate the procedure. 

1 Introduction 
Classification of the rock mass provides fundamental data for numerical stability analysis of rock structures. 
Over the years, many classification systems have been developed. Examples include the Rock Quality 
Designation (RQD; Deere, 1968, Deere & Deere, 1988), Rock Mass Rating (RMR; Bieniawski, 1976 & 
1989), Q (Barton et al., 1974, Barton, 2002), Rock Mass index (RMi; Palmström, 1996a & 1996b) and 
Geological Strength Index (GSI; Hoek et al., 1995, 1998, Hoek, 2007; Figure 1(a)). Amongst rock mass 
classification systems, the RMR and Q systems are widely used for rock support systems selection and the 
GSI system for estimating rock mass strength and deformation parameters. However, the simple application 
of the GSI system is somewhat hindered by the fact that its use is subjective and requires long-term 
experience.  

A quantitative approach to assist the less experienced practitioner in assigning representative GSI values was 
presented by Cai et al (2004). It employed the block volume and joint condition as quantitative 
characterization factors as shown in Figure 1(b). Their approach is built on the linkage between descriptive 
geological terms and measurable field parameters such as joint spacing and joint roughness. 

At the heart of the GSI classification system is a careful engineering geology description of the rock mass 
(Hoek, 2007) that cannot be effectively represented by equations. Also by quantifying the GSI the 
importance of geology that is so paramount in rock engineering is masked in mathematics. Furthermore, 
users of the system often go to extraordinary lengths to try to determine an ‘exact’ value for GSI. Geology 
does not lend itself to such precision and it is simply not realistic to assign a single value. GSI should be 
defined with a range in both its constitutive components, block volume and joint condition. 

The quantitative quantification work best for rock masses with more than two discontinuity sets and when 
the structural fabric is not tectonically destroyed. More importantly, by the qualitative nature of the GSI there 
is an inherent built-in variability by which a rock mass is given a range of values rather than single values 
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that is implied in the quantification. For analytical purposes this variability is represented by a range of GSI 
values that can be described by a certain statistical distribution with an assigned standard deviation based on 
experience and conditions at a given site. A range of values, such as that illustrated in Figure 1.a is more 
appropriate. In fact, in some complex geological environments, the range indicated by the crosshatched circle 
may be too optimistic (Hoek, 2007). 

 
(a) 

 
(b) 

Figure 1 (a) estimate of GSI based on geological descriptions (after Hoek, 2007), (b) Quantitative 
GSI chart (after Cai et al., 2004) 

Therefore, it is necessary to provide a systematic approach to estimate the range rather than a single value of 
the GSI.  

Rock mass characterisation involves the establishment of a geometric model of the rock mass including its 
discontinuity network. In conventional geomechanical mapping of rock masses, the measurement of the 
discontinuity geometries commonly requires physical contact in order to determine orientation, extent, 
spacing, and condition. As areas often present difficult or even hazardous access, measurement coverage can 
be compromised. Even when accessibility is not severely restricted, the site’s areal extent might require a 
considerable investment in time (which directly translates to cost) to physically acquire all relevant 
measurements. Additionally, exposed rock surface structural conditions eventually get destroyed once further 
advance occurs, making it impossible to recreate the rock mass in case of conflicts. In this study, digital 
photogrammetric method which has recently emerged and is quickly taking over the conventional methods 
of geomechanical mapping is adopted to quantitatively estimate geometric characteristics of blocky rock 
masses. In the next section, statistical analyses are conducted to assess the variability of the characteristic 
elements used in the estimation of a range of the GSI. 

2 Estimation of geometric characteristics of blocky rock mass 
A representative block size must be determined for the estimation of the GSI. As useful as frequency 
distribution is in providing a general idea of how data are distributed between the two extreme values, a 
summary of the data can be improved even further by computing a few statistical descriptive measures. By 
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far the most popular and useful measure of representative value (or central location) is the mean because it is 
easy to compute and interpret, However, the mode is more useful than the mean when an item of interest is 
produced in a variety of standard sizes. The median becomes more relevant when the frequency distribution 
curves are skewed rather than bell-shaped. 

The relationship between the three measures of central location can be observed from the smoothed relative 
frequency polygons in Figure 2. If the distribution is symmetrical and unimodal, the three measures coincide 
as shown in Figure 2 (a). If the distribution is not symmetrical, it is said to be skewed. The distribution in 
Figure 2 (b) is skewed to the right, or positively skewed, since it has a long tail extending to the right and a 
short tail extending to the left. The distribution in Figure 2 (c) is skewed to the left, or negatively skewed. 

MeanMean
MedianMedian
M odeM ode  
(a) 

ModeMode

Med ianMed ian

MeanMean  
(b) 

ModeModeMeanMean

Med ianMed ian  
(c) 

Figure 2 Relationship between mean, median and mode (after Devore, 2000) 

To determine a range of GSI values some amount of variability in the form of the central measures described 
above must be introduced in the geometric descriptions of the joints in the rockmass. Table 1 gives some 
coefficients of variation for parameters common to civil engineering design. The coefficient of variation 
expresses a measure of the reliability of the central tendency. It is defined as the ration of the mean and the 
standard deviation. For example, given a mean value of a parameter of 10 with a coefficient of variation of 
20% would specify a standard deviation of 2. The higher the coefficient of variation, the greater will be the 
scatter. The coefficient of variation has been found to be a fairly stable measure of variability for 
homogenous conditions. CoV is between 2 and 40% for civil engineering material properties with a majority 
having CoV greater than 20%. These values are used as guide in assigning joint geometric properties 
variability. 
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Table 1 Representative coefficients of variation (after Harr, 1987) 

Parameter Coefficient of variation (%) 

Porosity 10 

Specific gravity 2 

Water content (silty clay) 20 

Water content (clay) 13 

Degree of saturation 10 

Unit weight 3 

Compressibility factor 16 

Preconsolidation pressure 19 

Compression index (sandy clay) 26 

Compression index (clay) 30 

Standard penetration test 26 

Standard cone test 37 

Friction angle (gravel) 7 

Friction angle (sand) 12 

Cohesion 40 

3 Data acquisition using photogrammetirc method 
Special software, e.g., ShapeMetrix3D (3G software & measurement, 2006), enables an assessment of 3D 
images obtained by merging stereographic pair of digital images to determine quantitative discontinuity 
orientations, spacing, trace lengths. The 3D image also provides a comprehensive documentation or 
conservation of evidence enabling later assessments and conflict resolution. 

Data on site was acquired by taken pictures of the tunnel face from two different imaging locations using a 
calibrated camera. Figure 3 shows an example of a pair of digital images for the face. 

 
(a) 

 
(b) 

Figure 3 Examples of digital images (a: left image, b: right image) 

The 3D images from the ShapeMetrix3D system is transformed into the global co-ordinate system based on 
the observation of reference points in the excavation. Oriented 3D images are created from the pair of images 
by merging the pair of digital images. Geological features, e.g. a joint or a bedding plane are identified by the 
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interactive user-interface. JMX-Analyst is included in the ShapeMetrix3D software for the visualisation and 
assessment of the 3D images. Specially, it is designed for the analyses of 3D images showing rock faces or 
terrain in a wide range of scale, such as tunnel faces, slopes or quarries. Once the 3D image is ready the so-
called annotation elements can be directly exported onto the 3D model. Annotation elements can be grouped 
to so-called structure sets which are shown in different colours in the images. 

The results of identifying rock mass structures for the tunnel face are shown in Figure 4 

 

 

Figure 4 Processed 3D images including identified rock mass structures 

The following procedures help provide a true orientation of discontinuities: (1) Measuring an orientation of 
drift, (2) Taking a shot paintball on rock face (for safety concerns), (3) Measuring distance & angle to 
paintball marking, (4) Manually measuring an orientation of discontinuities on the wall of drift, (5) Taking a 
photo with sufficient offset, (6) Data processing using the ShapeMetrix, (7) Calculating angle between the 
true orientation of drift and the apparent orientation using DIPS, (8) Converting the orientation of all 
identified discontinuities into the true orientation according to Equation (1) and (2). 

)360DD,360DDif(DDDD TTAT
oo −>+= δ  (1) 

)
sin

tan(tan A1
T δ

αα −=
 

(2) 

where DDT is true dip direction, DDA is apparent dip direction, αT is true dip angle, αA is an apparent dip 
angle and δ is an angle between axis of tunnel and apparent dip direction, respectively. 

Figure 5 shows the stereonet of the discontinuity data for the tunnel plotted using DIPS (Rocscience Inc., 
1999). 
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(a) apparent orientation 

 
(b) true orientation 

Figure 5 Contour and plane plots in the DIPS 

4 Determination of block geometry and estimation of GSI 
It is essential to calculate block size for GSI estimation. The joint models used in this work have been 
generated using the discrete element modelling software 3-Dimensional Distinct Element Code (3DEC; 
Itasca, 2004). A jointed rock mass is simulated by generating a joint pattern that is statistically based on joint 
spacing, orientation and persistence. 

Generated 3D blocks based on the 3D digital images are shown in Figure 6. 

 

Figure 6 3DEC block model 

The block size distribution curve gives a median of 0.65m3 with coefficient of variation of 15% (Figure 7). 
The block irregularity index plot in Figure 8 indicates most blocks are irregular rather than regular (i.e. 
spherical, cubic or bar). 

While the mode and median are better estimates of the central tendency of data groups that deviate from the 
normal they are not associated with variability as is the case for the mean. The coefficient of variation (CoV) 
expresses a measure of the reliability of the central tendency. The coefficient of variation has been found to 
be a fairly stable measure of variability for homogenous conditions. 
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In this study we associate the mode and median with variability to properly assess GSI of rock masses as a 
range rather than a deterministic value. From Section 2, coefficients of variation for parameters common to 
geotechnical engineers in civil engineering design ranges between 2% for soil specific gravity to 40% for 
soil cohesion. Thus in accounting for block volume variability with the median and mode CoV of 15% is 
assumed. 

Table 2 shows summaries of the descriptive statistics for the block volumes calculated for the tunnel face of 
the NORCAT training mine in Sudbury, Ontario, Canada. It can be observed that the block size distributions 
are positively skewed. This implies that the mean is a less representative value than the median or the mode. 
The mode is a best representative if the number of samples is very large, while the median is the best if there 
are extreme values that can strongly affect a representative value. Block sizes in rock masses can range from 
very small to very large and this is particularly so in 3DEC block models that are prone to edge effects.  

A median, 0.65m3 was chosen as a representative block volume as well as a coefficient of variance of 15% 
for the tunnel face. Consequently, the range of the block volume to be used in estimating the GSI is 
approximately 0.55~0.75 m3.  

 

Figure 7 Block size distribution curve 

The shapes of blocks in a rockmass will dictate the degree of interlocking and the effect of confinement and 
directionality on their stability and hence arching potential. The shape of a block is roughly described by a 
ratio of the maximum length (l) to the nominal diameter (dn). Ratio of l/dn equal to 1.0 and 1.732 represent 
the theoretical geometries of a sphere and a cube respectively. A ratio larger than 1.75 will be typical, 
showing that the block shape may be irregular, pyramidal, elongate or tabular (Wang et al., 1991). Wang et 
al. (2003) modified this and suggested the 3D shape index of block, γ. This index is defined as the ratio of 
the actual volume of a block, V, to the volume of a sphere, whose diameter equals the maximum size of the 
block, lmax. The index can be calculated by means of the following equation: 

3
maxl
V6

⋅
⋅

=
π

γ
 

(3) 

In the classification of block shape by Wang et al. (2003) they used the term block to describe all shapes that 
are not spherical, cubic or bar and elongate. In this study block irregularity is a primary factor and the use of 
the term “block” to describe all shapes that are non-spherical, cubic or elongate is inadequate. To emphasize 
the importance of the block shape factor the term “Irregularity Index” is introduced to describe block shape. 
It is hypothesized that the dominant block shape will dictate the inter-block locking potential. The dominant 
block shape can be determined from the block irregularity index versus cumulative shape graph (Figure 8 
(a)).  
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Finally, the estimated range of the GSI is from 70 to 80 shown in Figure 9. Note that use of the 
photogrammetric method for GSI estimation must be complemented with visual inspection of joint 
conditions. 

 
(a) 

 
(b) 

Figure 8 Block shape distribution curve (a); Histogram of faces in rock block (b) 

Table 2 Summary of frequency analysis 

 Volume Gamma 

Mean 1.66  0.04  

Median 0.48  0.03  

Mode 0.00  0.00  

Standard deviation 3.04  0.03  

Variance 9.22  0.00  

Skewness 6.20  1.32  

Kurtosis 84.60  2.03  

10 0.00  0.01  

20 0.03  0.01  

25 0.06  0.01  

30 0.10  0.02  

40 0.23  0.02  

50 0.48  0.03  

60 0.89  0.04  

70 1.54  0.05  

75 2.02  0.06  

80 2.66  0.07  

Percentile 

90 4.91  0.09  
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Figure 9 GSI Chart showing GSI values for the tunnel face from 3DEC. 

5 Concluding remarks 
The GSI system is the only classification scheme that is directly linked to commonly used engineering 
design parameters such as the Mohr–Coulomb or Hoek–Brown strength parameters or the rock mass 
modulus. However, the simple application of the GSI system is somewhat hindered by the fact that its use is 
subjective and requires long-term experience. The quantification of the GSI only work for rock masses in 
which the discontinuity sets are more than two, non-orthogonal or when the structural fabric is tectonically 
destroyed. In reality, most rock masses fall into this group. More importantly, by the qualitative nature of the 
GSI there is an inherent built in variability by which a rock mass is given a range of values rather than single 
values that is implied the quantification. For analytical purposes this variability is represented by a range of 
GSI values that can be described by a certain statistical distribution with an assigned standard deviation 
based on experience and the typical cite. In this study, procedures are developed for use of the 3G software 
data to determine GSI as a range rather than a single value.  
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Abstract 
Reliable estimation of in situ stress is a major step during geological regime definition within a rock mass 
characterization process. A technique that allows the estimation of stresses using oriented core that can be 
drilled at depth, and from remote locations, has been studied over the last eight years at the Western 
Australian School of Mines (WASM). The technique is based on Acoustic Emission and has been used to 
estimate the in situ stresses from more than sixty mine sites around the world. Over 150 individual stress 
measurements have been carried out to date. After introducing the method and typical results, a 
methodology for the requirements of sample selection based upon oriented core is presented. 

1 Introduction 
In the last eight years, the Western Australian School of Mines (WASM) has studied and developed an AE 
stress measurement technique using orientated core named the WASM AE method (Villaescusa et al., 2002). 
It allows the determination of a representative and detailed knowledge of the in situ stress field during the 
early stages of a project (such as mine feasibility studies), even in areas where development access is not yet 
available (such as below current open pits). The method has been used for in situ stress measurement at more 
than 60 mine sites worldwide with over 150 individual stress measurements carried out to date. 

2 Acoustic Emission stress measurement method 
The Acoustic Emission (AE) method is based upon the principle of the Kaiser effect (Kaiser, 1953). The 
analysis of this phenomenon supposes that a previously applied maximum stress can be detected by loading a 
rock specimen to a point where a substantial increase in acoustic emission (AE) activity is experienced (See 
Figure 1). The Kaiser effect is the recollection of the immediate maximum previous stress to which a 
particular rock mass has been subjected by its environment. The principle behind the technique is that 
changes in the rate of AE occur at the maximum stress level (along the axis of the sample) to which a sample 
had previously been subjected. The methodology has been developed over the last 20 years by several 
researchers with the aim of providing a practical technique for retrieving the Kaiser effect (Kurita and Fujii, 
1979, Houghton and Crawford, 1987, Seto et al., 1989a, Seto et al., 1989b, Seto et al., 1992, Seto et al., 
1996, Holcomb 1993, Utagawa et al., 1995, Seto et al., 1999, Villaescusa et al., 2003a, 2003b). 
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Figure 1 Typical AE cumulative events versus applied axial stress 
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3 Typical results 
Over the last eight years, WASM has undertaken AE stress measurements ranging from stress determination 
below and adjacent to existing underground mines and open pits. Stress measurements using exploration core 
drilled to delineate new orebodies have also undertaken. 

3.1 Case study 1 - Measurements below existing pit 
The AE method was used to estimate the in-situ stresses at three sites selected from a single oriented HQ 
core (63.5mm diameter) drilled at depth at a distance from a current open pit where underground ac-cess was 
not available (See Figure 2).  

The samples were located at approximately at 300, 600 and 900m below the surface. The results appear in 
accordance with data collected using HI cell and AE testing from other Queensland mines (See Figure 3) 
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Figure 2 Section view showing the approximate location of three AE sample locations with depth 
adjacent to an existing open pit mine. 
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Figure 3 Main principal stress magnitude versus depth comparison – Queensland mines data. 

3.2 Case study 2 - Measurements from an existing decline 
The AE method can also be used to determine stress from existing underground infrastructure such as de-
clines (see Figure 4). The samples must be selected sufficiently far away –at least 25m from existing- 
excavations with the holes inclined in such a way that stress shadows from existing mining voids is avoided. 
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Figure 4 Section view showing three underground sample locations with depth. 

Figures 5 shows the minimum information required for each site chosen for stress measurements using the 
AE methodology. A very important information relates to the magnetic declination of the site Mine North, as 
well as the down hole survey information where the sample has been selected (Figure 6).  

Figure 7 shows the orientation distribution around the mean principal planes (Villaescusa et al, 2003b) for 
the principal stress directions for the three underground sites shown in Figure 4. 

 

 

Figure 5 Information required for each measurement site. 
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Figure 6 Stress measurement site information. 
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EAM 333-565m depth 

EAM 324-650m depth 

EAM 368-840m depth 

EAM 333-565m depth 

EAM 324-650m depth 
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Figure 7 Equal-Angle hemisperical projection of tensor solutions at depth. 

4 Oriented core samples 
The minimum total length of core required for each measurement site typically consists of one full tray of 
oriented core, as shown in Figure 8. Figure 9 shows an example where insufficient core length has been sent 
to WASM. Preferably, the core fracture frequency should not exceed 4 breaks per metre and the core must 
not have fractures of any kind parallel to the core axis. If the core diameter is not HQ (63.5mm), and NQ 
(50.5mm) core is submitted then, two full trays of core may be required to ensure that sufficient length of 
core is available to undertake the measurement. 
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Figure 8 A tray full of oriented HQ core ready to be sent to WASM. 
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Figure 9 Insufficient length of HQ core for AE stress measurements. 

The core submitted must represent a continuous run of core. However, for the sample to be valid with respect 
to orientation, at least three core orientation runs in a row must agree with the location of the oriented line. 
Figure 10 shows an example where the orientation line submitted is not consistent along the core axis. 

The direction of drilling (down the hole and different to the bottom of the hole (BOH), which represents the 
orientation line) must be clearly indicated with an arrow and usually the bottom of the hole (BOH) is written 
on each core piece (See Figure 11). Every piece of core should be marked with a consecutive numbers. In all 
cases, the depth of core down the hole must be marked on the first and last piece of core submitted for that 
interval. 
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Core match, but no
orientation line match

Core match, but no
orientation line match

Core match, but no
orientation line match

Core match, but no
orientation line match

 

Figure 10 Example of core submitted with an inconsistent orientation line. 

Depth clearly marked 
normal to core axis

Down the hole
direction marked

Bottom of the Hole
(BOH) marked

Each piece
numbered

Depth marked 

Depth clearly marked 
normal to core axis

Down the hole
direction marked

Bottom of the Hole
(BOH) marked

Each piece
numbered

Depth marked 

 

Figure 11 Core depth, orientation line, direction of drilling and numbering of each core piece. 

The core orientation line must be marked as accurately as possible using a straight-edged object such as a 
metallic ruler (See Figure 12). 
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Correctly marked bottom of hole line

Metallic ruler or equivalent used to mark line

Core submitted with inaccurate line
Correctly marked bottom of hole line

Metallic ruler or equivalent used to mark line

Core submitted with inaccurate line

 

Figure 12 Correct marking of orientation line is essential. 

If the orientation line submitted is not straight, then it is virtually impossible to undertake the stress 
measurement with sufficient confidence. 

In most cases more than one stress measurement is carried out on a particular mine site in order to determine 
the stress magnitude profile with depth. Therefore, several trays are sent to WASM for testing. It is 
recommended that the trays are sent together as shown in Figure 13. 

 

 

Figure 13 A number of core trays ready to be sent to WASM for stress measurement testing. 
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5 Conclusions 
The methodology of Acoustic Emission (AE) to measure rock stress from oriented core has been developed 
and implemented at the Western Australian School of Mines over the last eight years. The advantages of the 
technique is its low cost and no requirement for underground access. Sample selection sufficiently far away 
from existing excavations is a pre-requisite to ensure the in-situ stress has not been disturbed prior to the 
stress measurements. 
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Abstract 
A likely result of increased stresses, due to progressed mining downwards, is an increased number of 
compressive induced failures. This paper presents the results from numerical analysis of access drifts in the 
Kiirunavaara underground mine, with respect to stress-induced fallouts. Three brittle-plastic models were 
used for simulating brittle fallouts: (i) Cohesion Softening Friction Hardening (CSFH), (ii) Cohesion 
Softening Friction Softening (CSFS), and (iii) Cohesion Softening (CS). Two-dimensional stress analysis was 
used, where the boundary conditions of the local stresses were extracted from a global model, to account for 
mining-induced stress changes. The rock mass properties were based on field observations in the access 
drifts as well as from laboratory testing results. Multi-stage analysis was applied, in order to gradually 
change the stresses as mining progresses. Yielded elements, volumetric strain and maximum shear strain 
were used as fallout indicators. When using peak strength equal to the rock mass strength, the predicted 
amount of the failed zone and the depth of crossed shear bands were greater versus observed fallouts. The 
localisation of the predicted failed zone was not in perfect agreement with the localisation of the observed 
fallouts. To be able to make better predictions, verifications and calibrations, field studies and follow up of 
fallouts in the access drifts is required and will be performed during the year 2008.  

1 Introduction 
The Kiirunavaara underground mine in northern Sweden is owned and operated by Luossavaara-
Kiirunavaara AB (LKAB) and is presently one of the largest underground metal mines in the world. Open pit 
mining started in the beginning of the 20th century and continued for the first 60 years, when a shift to 
underground mining was made. Currently, large-scale sublevel caving mining is conducted and the annual 
production is about 30 million metric tons of iron ore. Magnetic surveys have indicated a depth of at least 
2000 m of the deposit. The orebody width varies generally between 80 and 160 m, becoming wider (and 
slightly shorter) with depth. 

The tabular orebody is more than 4000 m long, striking almost north-south and dipping 55°–60° toward east, 
see Figure 1. The Kiirunavaara orebody is primarily composed of fine-grained magnetite and a varying 
content of fine-grained apatite (decreasing with depth). The footwall comprises syenite porphyry, whereas 
the hangingwall consists of quartz porphyry. The rock mass quality is generally good for all rock units, but 
locally the rock mass condition can vary from high-strength to altered, slightly weathered rock with clay- and 
chlorite-filled discontinuities. The dominating tectonic lineaments orientations are north-south (parallel to 
the orebody) and east-west. 

The mine is divided into ten production blocks (Figure 1) where each block has its own infrastructure and 
ventilation system. Currently, at the time of writing, mining is conducted at levels 907 and 878 m, with the 
main haulage level at the 1045 m level. The vertical distance between two sublevels is about 28.5 m and 
drifting is done about two sublevels below the production level, see Figure 2. 

As mining progresses downward, the excavation near the orebody will be subjected to higher stresses. A 
likely result of increased stresses is an increased number of compressive stress-induced fallouts. This work 
has been performed with the objective to predict compressive stress-induced fallouts of the access drifts in 
Kiirunavaara, using numerical analysis. In this work, fallout is, defined as when rock slabs, primarily caused 
by spalling and/or shearing, detach completely from the rock mass. Fallouts caused by stress relaxation or 
related to shock-wave loading (e.g., blasting, rock bursting or earthquakes) are not within the scope of this 
paper. The shape of these compressive stress-induced fallouts is often typically "v-notched" (Martin, 1997). 



 

 836

The aim was to find reasonable material models and input data that can be used to predict compressive 
induced fallouts in future planning and design. 

 

 
Figure 1 Blocks 9 to 45 and the infrastructure in the Kiirunavaara mine (courtesy of LKAB) 

 

935, Production drilling  

878, Final mucking 

907, Mucking 

964, Crosscut drifting 

993, Access and crosscut drifting 

Level, ongoing activity 

Ore  

Hangingwall Footwall 

50 - 85 m 

28.5 m 

80 m 
 

Figure 2 Schematic picture of current production and drifting [figure not to scale] 

2 Access drifts at the Kiirunavaara mine  
For a rock mass subjected to stress changes due to nearby mining, one of the difficulties is to define when a 
fallout was initiated. To be able to study the whole failure process and changes in stability, all access drifts, 
from newly started to where mucking is completed needs to be investigated. In the newly started access 
drifts, at level 993, initial fallouts were possible to observe. Obviously a precise limit of initial fallout cannot 
be established. In this work, fallouts caused by spalling (and/or shearing), small in volume, and consisting of 
detached rock pieces from the roof or wall were defined as initial. Access drifts at level 993 in block 25, 28 
and 33, see Figure 3, were selected to be studied since: 

• results from earlier investigations existed; 

• the drifts are situated in areas with high stresses (located in the middle of the orebody); 

• the access drifts could be followed up over the course of a few months in order to study changes in 
stability; and 

• the intact rock is of high uniaxial compressive strength, and exhibit brittle behaviour. 

Field observations (failure mapping) of access drifts in Kiirunavaara were conducted in April 2006 and 
January 2007 (Malmgren, 2007) This study was aimed at compiling detailed information on type of failure 
and extent of failure in access drifts. This information would also serve to help calibrate numerical models 
and improve failure predictions. The failure mapping was performed in the access drifts at levels 820 to 964 
in blocks 25, 28, and 33. Two major types of failure were observed, namely stress induced failures (such as 
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spalling and/or shearing) and structurally controlled failures. In addition to these two failure types, rock 
bursts were also mentioned in the geological mapping results. The different failures within the different 
blocks and levels are presented in Table 1 and a schematic picture of the most common compressive induced 
fallouts is shown in Figure 4. Photos of the fallouts are shown in Sjöberg and Malmgren (2008a). The 
reinforcement in the access drifts is normally shotcrete with spot bolting. Drift intersections are often 
supplementary reinforced with cable bolts. The width and height of the access drifts are seven and six meters 
respectively. 

 

Figure 3 Horizontal view of the studied access drifts 25, 28 and 33 at level 993 (courtesy of 
LKAB). The predicted orebody limits are shown with unbroken lines 

Table 1 Summary of observed failures in access drifts for the different blocks in January 2007 (from 
Malmgren, 2007) 

Level Block 25 Block 28 Block 33 

964 Newly started access drifting, no observed damages or fallouts. 

935, 
crosscut 
drifting 

Structural dependent fallouts 
in the form of wedges, sheared 
bolts 

Spalling in abutment No observed damages 

907, 
production 
drilling 

A few fallouts in abutment in 
form of spalling and/or 
shearing 

— * Fallouts in abutment in the 
form of spalling and/or 
shearing, partly along pre-
existing structures 

878, 
mucking 

Damages and fallouts 
increases markedly when 
mucking begins 

— Damaged pillars, fallouts 
from abutment and walls 

849, 
mucking 
completed 

Cracked, damaged shotcrete — Extensive amount of 
damages and fallouts, where 
the most common fallouts are 
as shown in Figure 3. 

820 Large amount of damages and 
fallouts for the accessible 
studied area.  

— Huge fallout at the driveway, 
caused by seismic activity. 

* — means no observation 

Based on the investigation (Malmgren, 2007), some typical failures in relation to production level were 
identified, as follows: 

• During the time of access drifting, no, or only small, failures were observed.  

Block 28

Block 33 
Block 25 
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• Access drifts at levels below the working level are generally less damaged than drifts at the same 
level as production.  

• A pronounced increase of failure occurs in access drifts when production commences on the same 
level (blasting and mucking). 

• The damages and failures increases even after completing the mucking. 
 

Ore 

Fallout 
σ1

 

Figure 4 Location of common fallouts in the access drifts, at the same level as on-going mucking 
(Malmgren, 2007) 

Based on preliminary field studies no compressive induced fallouts were observed in the access drifts in 
block 25 while initial spalling occurred in block 28, see Table 2. In block 28, the intact uniaxial compressive 
strength is the highest value among all rock types in the footwall. The access drift in block 33 could not be 
studied in the preliminary field study, as the drifting will not begin until summer 2008.  

Table 2 Summary of preliminary study of access drifts at level 993 

Level 993 Block 25 Block 28 Block 33 

Failure Structural dependent 
fallouts 

Initial spalling in abutment - 

GSI 60 70-80 - 

σci [MPa] 270 (Holmstedt, 1995) 400 (Malmgren, 2008) 280 MPa (Holmstedt, 1995) 

Joints Spacing 0.02-0.3 m, 
hematite coating 

Spacing 0.3-0.5 m, 
RQD=77% (Niiranen, 2008) 

- 

3 Methodology and input data 
Different methods of how to model failure of brittle and hard rock masses have been proposed by e.g. Martin 
(1997) and Hajiabdolmajid et al. (2002), primarily based on observations at the Underground Research 
Laboratory in Canada. Edelbro (2008) compared observed fallouts with predicted fallouts using numerical 
analysis and commonly used material models. The objective was to identify which of the models that gave 
the best agreement with respect to location, depth, shape, and extent of the observed fallouts. The maximum 
shear strain was found as the most reliable indicator for fallouts. The Cohesion Softening Friction Softening 
(CSFS), Cohesion Softening (CS) and Cohesion Softening Friction Hardening (CSFH) models were selected 
to be used in this study as the results showed (i) a v-notch shaped failed region and (ii) development of shear 
bands. However it should be kept in mind that the results from all of these models were sensitive to changes 
of the peak strength parameters and less sensitive to variations in residual parameters (Edelbro, 2008).  

In this paper, only block 28 is studied because the rock mass was prone to spalling, which could be observed 
in the preliminary field study. The spalling behaviour is due to high uniaxial compressive strength and high 
GSI value. Below the limit of GSI = 65, the structures controls the rock mass behaviour (Diederichs et al., 
2007). The applied material models and strength parameters used in the numerical modelling are shown in 
Table 3 and Table 4. The peak strength parameters of the rock mass were determined using the generalised 
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Hoek-Brown criterion (Hoek et al., 2002) and equivalent Mohr-Coulomb parameters, namely the cohesion 
(c) and the friction angle (ø). These were estimated using the program RocLab (Rocscience Inc., 2006). The 
peak strength of the cohesion was also determined using the Mohr-Coulomb criterion (when σ3 = 0) 

  
( )

φ
φσ

c cm

cos2
sin1 −

=  (1) 

where rock mass strength (σcm) is represented by being equal to 50% the uniaxial compressive strength of the 
intact rock (σci) and the friction angle (φ) is retained as the value determined using RocLab. The selection of 
these values is based on results from Edelbro (2008) and from laboratory studies at the URL. At URL it was 
observed that systematic damage initiation starts at about 30–50% of the intact uniaxial compressive strength 
(σci) and that crack interaction starts at about 60–70%of σci (Diederichs et al., 2004). The value of σ3max was 
selected, based on an elastic analysis, as the σ3 value at a distance of one tunnel width beyond the boundary. 

Table 3 Material properties, for access drifts in block 28  

Parameter Value Comments References used (other than from 
field studies) 

GSI 70 RQD=77% (Niiranen, 2008)  

σci [MPa] 400 Syenite Porphyry (SP4) Malmgren (2008) 

Youngs Modulus, E [GPa] 80 represents the intact rock properties Sjöberg et al. (2001) 

Poisson’s ratio, ν  0.2   

σ3max [MPa] 26 From elastic stress analysis  

Material constant, mi 16 Syenite Porphyry  

The numerical program Phase2 (Rocscience Inc., 2005) was chosen to be used since it is widely available 
within the mining and geo-engineering fields and easy to use. Phase2 is an elasto-plastic finite element stress 
analysis program, in which the material can yield and exhibit non-linear stress-strain behaviour if treated as 
plastic. If the peak strength is exceeded, residual strength values can be applied by considering the material 
as either elastic-perfectly plastic or as elastic-brittle plastic. The dilation angle was set to zero (non-
associative flow rule) in all models as the access drift can be considered as constrained. This is conservative 
as a higher dilation angle should produce a higher failure load (Vermeer and de Borst, 1984). As the effect of 
the disturbance factor (D) is not investigated and since controlled blasting has been performed in a confined 
rock mass the value of D is set as zero (Hoek et al., 2002) in this study. A default setting when using the 
program Phase2 is that the tensile failure, in addition to reducing tensile strength to zero, also reduces the 
shear strength to residual values. The reduction has great impact on the results of the yielded elements. The 
tensile failure might occur in one direction but this does not necessarily mean that the shear strength of the 
material in the zone in all directions is reduced. In this study no reduction of the shear strength when tensile 
failure occurs was used and the tensile and shear failures will therefore be independent of each other. 

A global-local modelling approach was used, in which the boundary stress conditions for the access drifts 
were extracted from a global model (Sjöberg and Malmgren, 2008b), see Figure 5. This approach was 
necessary; to take into account stresses induced by sublevel caving, while keeping model size reasonable. 
The virgin rock stresses were determined based on the compilation and interpretation of all conducted 
measurements in the mine by Sandström (2003). The calculated stresses from the global model were then 
used as boundary conditions for the access drifts. The access drifts in block 28, level 993, have been 
analysed with respect to the virgin stresses and changes in stresses when production is at level 907, 935 and 
964 m. They are situated in the footwall, at 50–85 m distance from the orebody contact (see Figure 2 and 
Figure 3). The ore is assumed to have a width of 80 meter in that region.  

For this study, Sjöberg (2008) has assisted with the calculation of the stresses for block 28 at level 993 by 
using the global model. Since the stresses and their orientations around the access drifts are a function of the 
distance from footwall to the access drifts, two distances have been used in this study — 50 and 85 meters. 
In Figure 6 the stresses at level 993 are plotted with respect to production level, where the intercept at the y-
axis represent the virgin stresses. Consequently, the stresses shown in Figure 6 were used as boundary 
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stresses in the local model of the access drift. However, the stresses were nearly equal regardless of the 
distance between footwall and access drift (50 and 85 m). 

Table 3 Applied strength parameters in the used material models 

Values Cohesion Softening Friction 
Softening (CSFS) 

Cohesion Softening (CS) Cohesion Softening Friction 
Hardening (CSFH") 

cpeak [MPa]  
cpeak [MPa] when σcm = 
0.5σci and ø =51 

15  
 
35.5  

15 
 
35.5  

15  
 
35.5 

øpeak  [º] 51 51 10 (based on e.g. 
Hajiabdolmajid, 2002) 

cres [MPa] 0.2 · cpeak = 3 * 0.3 · cpeak = 4.5 0.3 · cpeak = 4.5 

øres [º] 31=basic frict. angle* 
(Barton and Choubey, 
1977) 

51 51 

Tensile strength, σt [MPa] 2.6 2.6 2.6 

Strength curves 
 

0

50

100

150

200

(c peak = 15 MPa)

CS, CSFS

CSFH

σ  [Mpa]

ε [%] 0

50

100

150

200

σ [Mpa]

ε [%]

(c peak = 35.5 MPa)

CS, CSFS

CSFH

 
* based on Hoek et al., 1995   

Boundary 
stresses from
global model 

σH 
σH 

Global model 

Local model of 
access drift

Local model 

Drift

 
Figure 5 Global-local modelling approach for the Kiirunavaara sublevel caving mine (after 

Sjöberg and Malmgren, 2008b) 

By default, the entire load on the model (equal to the field stress) is applied instantaneous in a single stage 
Phase2 model. This might be realistic for excavations in rock masses with no influence of adjacent mining or 

CS CSFS CSFH  
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α 
σ1 

σ3 
a) b) 

drifting. To be able to gradually change stresses, as mining progresses downwards, a multi-stage analysis 
was applied. For each stage individual materials were defined with a customized field stress specified for 
each material. This allows simulation of stress changes as the individual materials had the same properties.  
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Figure 6 Stresses in relation to production level in the access drift situated a) 50 meters from the 
footwall and b) 85 meters from the footwall (σzz is oriented horizontally and parallel to 
the axis of the access drift) 

4 Results  
The following indicators were used when predicting the compressive stress-induced fallouts: (i) yielded 
elements, (ii) volumetric strain and (iii) maximum shear strain. These are evaluated as they indicate where 
plastic yielding, shearing, and volumetric changes occurs within the rock mass. When evaluating the results 
of the maximum shear strain, the developed shear bands are studied. Fallout, caused by shear, is assumed to 
occur when two shear bands are crossed or forms a coherent arch. If the shear bands are connected with the 
excavation boundary, the area in between is assumed to fall out. 

Based on results from both elastic and plastic analysis of the drift, regions with σ3 less than σt (causing 
tensile failure) was predicted in the left and right wall. In this study tensile failure is not considered and when 
studying the results from e.g. yielded elements, only elements that have failed in shear are shown.  

As could be expected, a slightly smaller disturbed zone was predicted for drifts located further from the 
orebody (85 m distance). Still, the result from the analysis was almost the same regardless variation of the 
distance between footwall and access drift (50 and 85 m).  

In general, for the CS and CSFS model, no shear bands were formed when using the higher peak cohesion 
(35.5 MPa). However when the peak cohesion value determined for the rock mass (15 MPa) was used, 
typical shear bands were formed for every stage (except for the virgin stresses). When using the CSFH 
model shear bands were formed for both peak cohesion values, since a peak cohesion value of 35.5 MPa for 
the CSFH model represents the same peak strength as when using 15 MPa for the CS and CSFS models (as 
seen in the strength curves in Table 3). 

When comparing the different models, the deepest disturbed zone and the largest strains were predicted 
when using the CSFS model, while the greatest extent on the boundary was predicted when using the CS 
model. In Figure 7 the results of the simulation of an access drift at level 993 when the production is at level 
907 are shown. These results can be compared with observations in the preliminary field study. Initial 
spalling was observed with a fallout depth of about 0.2 m and an extent (diameter) of 0.5 m. A relatively 
large zone of failed elements and great depth of crossed shear bands was predicted, 0.5-0.7 m. The results 
from the volumetric strain show formed bands with almost the same shape and extent as the maximum shear 
strain bands. The result from the CSFH model seemed to give the best agreement, as it showed a narrower 
and smaller extent of the failed zone, compared to the other models. 
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Level 907 CSFH 
(cpeak=35.5 MPa) 

CSFS 
(cpeak=15 MPa) 

CS 
(cpeak=15MPa) 

Yielded 
elements 
failed in 
shear 

   
Maximum 
shear strain 
(0 to 0.016) 

   
Volumetric 
strain  
(-0.0035 to 
0.0075) 

   
Figure 7 The results of the maximum shear strain when production is at level 907 and when 

access drifts are located at level 993 and 85 m from footwall, using peak strength, σcm 
= 85 MPa 

The variation in stresses with respect to production level had large influence on the results, see Figure 8. 
When loading was applied by the virgin stresses, no elements were failed in shear and no shear bands were 
formed. The greatest influence on the amount of failed zone was predicted when simulating the opening of 
sublevel caving at level 935 versus 907. After opening of level 935, the depth of the crossed shear bands is 
almost the same but with increased strain values and a wider extent on the boundary. When the production is 
at the same level as the access drift (level 993) the predicted failed zone approaches the abutment. The extent 
of the predicted failed zone is greater than observed fallouts and the failed elements are mainly located in the 
roof and abutment. The volumetric strain indicates a disturbed region in the lower right corner. The formed 
bands are narrower and less extended for the volumetric strain compared to the maximum shear strain but 
has the same shape and location.  

5 Discussion and conclusion 
The location of the typical observed fallouts, in upper respectively opposite lower corner, of the access drifts 
can be explained by the direction of the major principal stress. When starting the drifting, the major principal 
stress is oriented more or less horizontal, while after completed loading at the same level, the orientation 
coincide with the dip of the ore (for the drifts located close to the ore). The location of the typical fallout in 
the abutment and lower corner (observed by Malmgren, 2007) was not possible to predict with perfect 
agreement. One reason might be that the investigated access drifts (Malmgren, 2007) were located closer to 
the ore (0-50 m) than those simulated in this work. As the studied access drifts are located 50 m and longer 
from the orebody, the direction of the stresses are less influenced by the mining compared to access drifts 
located closer to the ore. A drift located at level 993 and 10 m from the ore has approximately a 10° steeper 
angle of the major principal stress compared to drifts located 50-85 m from the ore (when the production is at 
the same level). Hence the results of simulations of access drifts located closer to the ore would show greater 
influence of the stress direction and the predicted failed zone would be closer to the abutment.  

The uniaxial compressive strength is 400 MPa for the syenite porphyry (SP4) in block 28. In this study two 
different peak cohesion values were applied, representing the rock mass strength and when σcm is 50% of σci. 
When using the higher peak strength, the rock mass was considered as too strong, as no shear bands where 
formed (for the CS and CSFS model). When applying values for the rock mass strength it was considered too 
weak, if assuming that the formed shear bands should represent a fallout. The predicted zones of failed 
elements and the depth of the shear bands were greater than observed fallouts. Hence when simulating the 
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access drifts, a better representative peak strength is something between the used peak values in this work. 
However at this moment a precise value of the peak strength can not be defined. To be able to make better 
predictions, verifications and calibrations, field studies and follow up of fallouts in the access drifts is 
required and will be performed during the year 2008. Each simulated stage in this work will be calibrated 
with respect to observations of the access drifts at all levels.  

Level of 
production 

Yielded elements failed 
in shear 

Maximum shear strain 
(0 to 0.016) 

Volumetric strain 
(-0.0035 to 0.0075) 

Virgin stress 

   
907 

   
935 

   
964 

   
993 

   
Figure 8 The results from stress changes due to production level for an access drift at level 993, 

located 85 m from the footwall, using a CSFH model with cpeak=35.5 MPa 

It is important to not just focus on one single value, as the material models, the strength curves and the peak 
strengths also should be considered. Hence, for a CSFH model peak cohesion and/or friction angle should be 
assigned higher values, compared to the CS and CSFS models, if assuming that the peak strength is the same 
despite model selected. In this study, the peak cohesion was more than twice as high for the CSFH approach 
compared to CS and CSFS.  

The deepest disturbed zone and the largest strains were predicted when using the CSFS model, while the 
greatest extent on the boundary was predicted when using the CS model. The CSFH model resulted in the 
narrowest and less extended zone of crossed shear bands, when using the same peak strength. 

Based on this study, tensile failure might be expected in the walls of the drifts, as large zones with σ3 less 
than 0, were predicted. No reinforcement was taken into consideration in this work and the results presented 
in this study show a worse case than in reality. 

If using a one stage instantaneous loading model, when the production and the access drift are at the same 
level, the typical failure in the abutment was predicted. Still the multi-stage analysis used in this work seems 
more realistic as a variation in stresses and the effect of previous stage can be simulated. To be able to see 
the increment of failed zones for each stage, the two different methods should be compared. Also the 
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increase in the failed zone of the different stages, in a multi-stage analysis, should be investigated more 
deeply.  

The results of prediction of compressive induced fallouts in the access drifts in Kiirunavaara mine were 
presented in this paper. As the mining progress, continuous field studies of the access drifts will be carried 
out aimed at verifying results from the numerical analysis. The production level at 907, in block 28, opened 
in April 2006, while the production at level 935 is planned to open in March 2008. Hence, the simulation of 
production at level 935 is possible to calibrate. The other blocks (25 and 33) will also be analysed in the 
continued study. 
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Abstract 
As one of the three basic components of the Convergence-Confinement method, the Longitudinal 
Deformation Profile (LDP) is important in determining the displacement magnitude of the tunnel walls as a 
function of the distance to the tunnel face. The LDP is generally evaluated by monitoring data on site or by 
3D numerical simulations. The monitoring instrument however records partial displacement rather than the 
entire displacement in deep large tunnels since it is normally installed behind the tunnel face. In addition, the 
two-stage (top heading and bench) excavation method is often adopted for large tunnels and as such the 
instrument can be installed after the top heading has been excavated. Therefore, the LDP of the top heading 
can be recorded with the advance of the bench along the whole length. However, it has not been verified 
whether the LDP of the top heading in two-stage excavation is similar to that of the full face excavation. 
Therefore, the LDP of two-stage excavation is analysed by 3DEC and verified against measured data of the 
upper side walls in Zipingpu Tunnel in China. Furthermore, the difference of LDP between full face 
excavation and two-stage excavation is investigated by 3DEC under different geo-mechanical conditions of 
the surrounding rock and different in-situ stress conditions. Finally, the method of determining the LDP and 
its empirical equation are suggested for large tunnels using two-stage excavation. The empirical equation can 
be easily and quickly applied for deformation analysis and stability judgement for large underground 
excavations. 

1 Introduction 
Monitoring has now been widely proven to be efficient in the construction of underground excavations, both 
from a safety point of view and an economical aspect (Panet and Guenot, 1982; Schubert et al., 2002). These 
monitoring data are used in practice to evaluate tunnel performance and to adapt the support to the 
encountered conditions. The easiest/simplest and yet most reliable measurement recorded in the field is 
certainly the convergence of the tunnel walls. 

An important issue for shallow tunnels, as well as for tunnels with high overburden is the prediction of final 
displacements in order to judge the stability of the tunnel. An early prediction of the final values is necessary 
for this judgement on the construction site to allow for proper actions to be taken in cases where the 
displacements are expected to exceed the limit. Monitoring instruments generally record partial 
displacements rather than the entire displacement in the tunnel because it is normally installed behind the 
tunnel face. For this purpose the interpretation of the measurements is based on the use of numerical models 
and empirical equations (Sulem et al, 1987). The predicted displacement history may be shown in the same 
diagram as the measured values. Deviations from the predicted behaviour can easily be detected and the 
reasons can be analysed (Schubert and Steindorfer, 1998). Since numerical simulation in 3D is time 
consuming, the empirical equations could be used with great advantage for simple cases (Panet and Guenot, 
1987; Carranza-Torres and Fairhurst, 2000). 

The widely used empirical equation proposed by Panet and Guenot (1982) was derived from numerical 
analysis of full-face excavation of a tunnel with circular cross-section under hydrostatic initial stress 
conditions. It is not clear if the equation can still be used for cross-sections and non-hydrostatic stress 
conditions. Moreover, other cross-sectional shapes and two-stage excavations are often used in civil, mining 
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and water conservancy applications. Therefore, in this study the deformation of a horse-shoe shaped tunnel 
using two-stage excavation is analysed by numerical analysis. The equation of the deformation versus the 
distance to the face is then determined and verified for a case. 

2 Longitudinal Deformation Profile (LDP) 
The Longitudinal Deformation Profile (LDP) is a graphical representation of the radial displacement that 
occurs along the axis of an unsupported excavation, for sections located ahead of and behind the face (see 
Figure 1). The horizontal axis represents the distance x from the section analyzed to the tunnel face; while 
the vertical axis represents the corresponding normalized radial displacement ur(x)/ur∞ (ur∞ is the radial 
displacement at an infinite distance behind the face) (Carranza-Torres and Fairhurst, 2000). 
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Figure 1 Longitudinal Deformation Profile (LDP) 

There are several empirical relationships, which can be used to determine the LDP. However, all of them are 
based on the full face excavation method. On the basis of the measured data, Hoek (1999) suggested that the 
following empirical best fit relationship between radial displacement of the tunnel and distance to the face 
could be adopted (Carranza-Torres and Fairhurst, 2000). 
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where 

ur(x) = the radial displacement of a point located on the tunnel wall at a distance x from the face (m). 

ur∞ = the radial displacement at an infinite distance behind the face (m). 

r = the tunnel radius (m). 

The curve defined by Equation (1) is fixed and is therefore not suitable to be used directly in other tunnels. 
Based on finite element calculations, Corbetta (1990) proposed another exponential equation for elastic 
ground behind the tunnel face (Nguyen-Minh and Guo, 1996). 
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For the elasto-plastic case, the Self Similarity Principle was proposed and Equation (2) was revised by 
replacing x with x/α (Nguyen-Minh and Guo, 1996). 

(2)

(1)
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  pr eru uα ∞ ∞=   

where 

upr∞ = the final radial displacement in the plastic case obtained by plane strain analysis (m). 

uer∞ = the final radial displacement in the elastic case obtained by plane strain analysis (m). 

Study of the tunnel deformation also showed by curve fitting that neither an exponential nor a logarithmic 
function could be fitted correctly to the monitoring data (Sulem et al, 1987). The data could be fitted with a 
very good approximation behind the tunnel face with the following power function (Panet and Guenot, 
1982). 
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where rp is the plastic radius around the tunnel far behind the face (m). 

Since most of the initial measurements are monitored behind the face, the curve representing the deformation 
of the tunnel boundary behind face is more representative and useful. The exact plastic radius is influenced 
by the net size of the numerical model. If the tunnel shape is non-circular the calculation of the shape and 
extent of the plastic zone is even more complex. Therefore, in order to fit the monitoring data well, Equation 
(4) and the Self Similarity Principle are adopted in this paper. 

3 Numerical model description 

3.1 Model geometry and boundary conditions 
A commercial code 3DEC (Version 4.1) is used (Itasca, 2008) for the numerical analyses. 3DEC is a three-
dimensional distinct element code which can simulate discontinuous, as well as continuous media by using 
deformable blocks. 

The numerical model is symmetrical in a plane parallel to the tunnel axis (Figure 2a). Element sizes and 
aspect ratios are minimised near the tunnel boundary and are gradually increased outwards. The outer 
boundary extends to a distance of 60 m in order to minimise boundary effects. The overburden of the tunnel 
is 205 m, approximating conditions that have been seen over certain sections of the Zipingpu Tunnel in 
China. The height of the tunnel is 13.0 m, and the width is 13.0 m (Figure 2b). 

The vertical boundaries which are parallel to the tunnel axis (Figure 2a) are fixed in the X direction, the 
bottom boundary is fixed in the Z direction, the vertical boundaries perpendicular to the tunnel axis are fixed 
in the Y direction and the top boundary is free in all directions. 

3.2 Material properties 
Zipingpu Tunnel, a horse-shoe shaped diversion tunnel, is chosen as the case in this paper. The tunnel is 
driven in a mass of sandstone and the rock mass consists of many interlocked blocks. The density of the rock 
mass is 2500 kg/m3. The mechanical properties of the rock mass are presented in Table 1 (scheme M2, bold 
values) according to laboratory tests and rock mass classification (The Ministry of Water Resources of 
China, 1995). 

The deformation of the surrounding rock is governed by a large number of parameters, which account for the 
mechanical behaviour of the rock mass, the initial stress and the construction process. Nevertheless, by 
performing a dimensional analysis and by examining the differential equations of the elasto-plastic boundary 
value problem, Anagnostou and Kovari (1993) have shown that the displacement ratio is only related to the 
strength parameter of the rock mass and the initial stress. 

Therefore, the strength of the rock mass is varied using the extra schemes M1, M3 and M4 according to rock 
mass classification. Young´s modulus and Poisson’s ratio of the rock mass are held constant and equal to 9 

(3)

(4)
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GPa and 0.25, respectively. The scheme M2 is used as a base case. Viscosity is not considered in the 
calculations since the rock behaviour is not time-dependent. Table 1 provides the material properties used in 
both the elastic and elasto-plastic model. For the elasto-plastic model, a Mohr-Coulomb failure criterion is 
applied to simulate the possible plastic behaviour of rock. 

Table 1 Variation of the mechanical properties of the rock mass 

Scheme Young’s modulus 
(GPa) 

Poisson’s ratio Cohesion 
(MPa) 

Friction angle 
(°) 

Tensile strength 
(MPa) 

M1 9 GPa 0.25 2.00 60.0 1.6 

M2 9 GPa 0.25 0.75 37.5 0.6 

M3 9 GPa 0.25 0.65 32.0 0.5 

M4 9 GPa 0.25 0.55 28.0 0.4 

3.3 Initial stress and excavation 
In each case, the initial vertical stress is assumed to be equal to the load from the overburden. Since the 
horizontal stress is greater than the vertical stress, the ratio of horizontal to vertical initial (far field) stress, k, 
(parallel and perpendicular to the tunnel axis) was varied as 1.0, 1.5, 2.0 and 2.5. A k-value of 1.5 is used as 
a base case. In these cases, the deformation of the side wall becomes the important factor in controlling the 
stability of the tunnel. Therefore, only the convergence of the side wall is measured and analysed in this 
paper. 

The tunnel is excavated by two-stage excavation (i.e. the top heading first, followed by excavation of the 
bench, Figure 2c), with lengths of the rounds between 3.5m and 4.5 m. An average round length of 4.0 m is 
chosen in this numerical simulation. Since the excavation is quick and shotcrete and bolts are installed two 
widths behind the tunnel face, the advance without support is simulated here. For comparison purposes, the 
tunnel response under full face excavation is also simulated. 

Top heading

Bench

A
Top heading

Bench face

Advance directionA

 

Figure 2 a) Three dimensional numerical model; b) tunnel geometry; c) excavation sequencing. 

4 Numerical analysis of tunnel closure 

4.1 LDP in base case condition 
Since the most appropriate in-situ monitoring place is at point A (Figure 2b), located about 1.5 - 2.0 m above 
the floor of the top-heading, the LDP curves of point A under full face and two-stage excavation are 
calculated using the elastic and elasto-plastic models. These LDP curves are plotted in Figure 3a, and b. 
Under the two-stage excavation, there are two LDP curves in which the vertical axis represents the 
advancing of the top heading and the bench face, respectively. Figure 3 shows that the LDP curves are 
similar under two-stage and full face excavation, but the curvatures of these curves are different. 

a) b) 

X 

Z 

Y 

c)
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Furthermore, the normalized radial displacement, ur(0)/ur∞ at the face listed in Table 2 is different for the two 
construction methods. Therefore, the value 0.265 from Panet’s Equation (4) needs to be readjusted according 
to Table 2 when the empirical Equation (4) is used for two-stage excavation. 
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Figure 3 LDP obtained from 3DEC analysis a) elastic model; b) elasto-plastic model. 

4.2 Influence of horizontal stress 
The normalized radial displacement, ur(0)/ur∞, at the face for different k values are listed in Table 2. It can be 
seen that there is a large difference between the full face and the two-stage excavation. However, for any 
construction method the variation is negligible for a variation of the k value in elastic case. Furthermore, the 
numerical result from bench excavation is basically consistent with the monitoring data from the Zipingpu 
Tunnel in which only the side wall displacement was monitored with the advance of bench face. In addition, 
the LDP curves in the elastic model are plotted in Figure 4 for different k values. These curves show that the 
variation is small for full face and bench excavation. However, for top heading excavation, the LDP curves 
show a large variation between k=1 and other k values.  

If the focus is on the displacement behind the face, the function C(x) defined as the displacement ratio versus 
distance behind the face can be written  

  ( ) ( ) ( )
( )

0
0

r r

r r

u x u
C x

u u∞

−
=

−
.  

Equation (5) is illustrated in Figure 5. When the Panet’s Equation (4) is chosen, the function C(x) in the 
elastic case can be re-written as 
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where β is a fitting parameter. The values of parameter β for different k values are fitted and presented in 
Table 3. If the small variation among these curves with different k values is ignored (for simplicity), the 
average β values can be used when the horizontal stress is unknown. 
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Table 2 Normalized radial displacement ur(0)/ur∞ for different k values, elastic case 

Two-stage excavation  Full face excavation 

Top heading Bench 

Monitoring data in Zipingpu 
Tunnel (for bench excavation) 

ur(0)/ur∞ (%) 24.0-25.7 25.7-29.3 41.2-41.3 25.9-45.0 

Table 3 Parameter β  

k  

1.0 1.5 2.0 2.5 

Full face excavation 0.76 0.84 0.87 0.89 

Top heading 0.17 0.39 0.47 0.51 

β 

Two-stage 
excavation Bench 1.19 1.27 1.31 1.33 
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Figure 4 a) LDP under two-stage excavation; b) LDP under full face excavation for different k 
values. 
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Figure 5 Relationship between C(x) and tunnel advance (behind the face) for different k values. 
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4.3 Influence of strength parameters 
C(x) versus tunnel advance (behind face) is plotted in Figure 6a, and b (k=1.5) for two-stage excavation with 
different strength parameters. These curves become less steep with the decrease in the strength parameters. 
Furthermore, the shapes of these curves are similar for different strength parameters and the Self Similarity 
Principle can be used (Nguyen-Minh and Guo, 1996). According to Equation (3), the function C(x) can be 
written as 

  ( ) ( ) ( )

2
11

1
C x

x rα β
⎛ ⎞

= − ⎜ ⎟⎜ ⎟+ ⋅⎝ ⎠
  

The values of parameter α obtained by plane strain numerical analyses, are listed in Table 4. To check the 
validity of Equation (7), the curves calculated from Equation (7) are plotted together with the 3DEC 
numerical result in Figure 7. The comparison shows that a good approximation can be reached through 
Equation (7), especially for bench excavation. 
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Figure 6 a) C(x) for top heading excavation; b) C(x) for bench excavation under two-stage 
excavation with different strength parameters. 
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Figure 7 Comparison of results from numerical analyses and the empirical equation. a) C(x) for 
top heading excavation; b) C(x) for bench excavation. 
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Table 4 Values of parameter α (k=1.5) 

Scheme M1 M2 M3 M4 

Full face excavation 1.004 1.386 1.824 2.330 

Top heading 1.009 1.768 2.627 3.309 Two-stage excavation 

Bench 1.006 1.306 1.300 1.627 

4.4 Determination of LDP behind the face under two-stage excavation 
The comparison of two-stage and full-face excavation shows that the LDP curves behind the face have the 
same shape. Therefore, in order to pre-determine the LDP curves behind the face before excavation and 
further predict tunnel displacement, the empirical Equation (7) can be used. The parameters can be 
determined as follows: 

(1) Choose the parameter β from Table 3 to determine the LDP behind the tunnel face under elastic 
conditions. 

(2) Calculate the final elastic and elasto-plastic displacements of the tunnel by plane strain analysis and 
determine parameter α. 

(3) Choose the normalized radial displacement value ur(0)/ur∞ at the tunnel face from Table 2. 

(4) Use Equation (7) to determine the LDP curve behind the face. 

According to Equation (7) for LDP behind the face and the normalized radial displacement value ur(0)/ur∞ at 
the tunnel face from Table 2, only two measurements for two values of x are needed to determine the final 
convergence ur∞ and the currently produced displacement. If there is more measurement available, the curve 
fitting can be used and more exact/precise final convergence can be obtained. 

5 Verification of LDP behind the face under two-stage excavation 
During the excavation of the Zipingpu Tunnel, the convergence of the side walls was measured by means of 
a convergence meter (A-A line in Figure 2b). In order to obtain the entire deformation profile, the 
instruments were installed after the top heading had passed the monitoring section, and displacements were 
recorded during the advance of the bench face, Figure 8a. 

The parameters of the base case (scheme M2) are used as input parameters according to the field 
investigation. The results obtained from the above method and the monitoring data are shown in Figure 8b. It 
shows that the curve from Equation (7) is a good approximation.  
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Figure 8 a) Measurement of LDP in Zipingpu Tunnel in China; b) Comparison between 
monitoring data and empirical equation. 

6 Conclusions 
Monitoring of wall displacements has become an integral part of the design of underground openings. How 
to make full use of the monitoring results and further predict the final convergence becomes more important. 
Using the numerical modelling, the deformation behaviour of a deep horse-shoe shaped tunnel under two-
stage excavation condition is analysed. The research indicates that the LDP for two-stage excavation can still 
be determined using the same function as for full face excavation, but the displacement ratio ur(0)/ur∞ at the 
face needs to be re-adjusted. A quantitative method is analysed and an empirical equation proposed by Panet 
and Guenot (1982) for the tunnel deformation is further developed by considering the Self Similarity 
Principle under two-stage excavation. 

This method is suitable when the top heading excavation is far from the bench excavation (at least 2 times 
the diameter), when the horizontal stress is larger than the vertical stress and when the monitoring point are 
on the side wall. Further study of different monitoring locations, tunnel size and initial stress needs to be 
done in the future. 
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Abstract 
Extraction of a massive volume of ore during block caving can lead to formation of significant surface 
subsidence. Current knowledge of subsidence development mechanisms is limited as are our subsidence 
prediction capabilities. Mining experience suggests that among other contributing factors geological structures 
play a particular important role in subsidence development. As part of the current research a conceptual 
modelling study is being undertaken to evaluate the significance of geological structure on surface subsidence 
development. A novel finite/discrete element technique incorporating a coupled elasto-plastic fracture 
mechanics constitutive criterion is adopted; this allows physically realistic modelling of block caving through 
simulation of the transition from a continuum to a discontinuum. Numerical experiments presented highlight the 
importance of joints orientation, fault location, and inclination, on subsidence development mechanisms and the 
governing role of geological structure in defining the degree of surface subsidence asymmetry. 

1 Introduction 
Block caving mining is characterized by extraction of a massive volume of rock usually accompanied by the 
formation of a significant surface depression above and in the vicinity of the mining operation. The ability to 
predict surface subsidence associated with block caving mining is important for mine planning, operational 
hazard assessment and evaluation of environmental and socio-economic impacts.  

Owing to problems of scale and lack of access, the fundamental understanding of the complex rock mass 
response leading to subsidence development is limited as are current subsidence prediction capabilities. 
Current knowledge of subsidence phenomena can be improved by employing numerical modelling 
techniques in order to enhance our understanding of the basic factors governing subsidence development; 
essential if the required advances in subsidence prediction capability are to be achieved. 

A comprehensive numerical modelling study focused on block caving related surface subsidence is being 
carried out at the Simon Fraser University in collaboration with the University of British Columbia. As part 
of this research conceptual modelling is being undertaken to evaluate the relative significance of the factors 
governing subsidence development. 

This paper investigates the role of geological structures in surface subsidence development through a series 
of numerical experiments employing state of the art finite element /discrete element modelling techniques. 

2 Geological structures and block caving induced surface subsidence 
Mining experience suggests a range of factors influencing the block caving surface subsidence footprint 
including geological structures (jointing and faults), rock mass strength, in-situ stress level, mining depth, 
varying geological domains and surface topography. Among other contributing factors many authors emphasize 
the particular importance of the geological structures on surface subsidence development. 

A literature survey has shown that published accounts provide a general, qualitative rather than quantitative, 
description of the influence of geological structures on the observed subsidence, as summarized in Table 1. 
Such qualitative observations are useful for initial subsidence analysis, however they require further 
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validation. More research is needed to address the deficiency in quantitative data. Modelling presented in this 
paper represents an initial attempt to address these issues. 

Table 1 Influence of geological structure on block caving surface subsidence development 

Geological 
structure 

Influence on block caving subsidence Reference 

Joints In the absence of faults and dykes, joint dip governs the angle of break. Angle 
of break for a mine should be equal to the dip of the most prominent joint. 

Crane (1929), 
Wilson (1958) 

Faults 

When a mining face encounters a significant discontinuity, such as a fault, 
with moderate to steep dip, movement will occur on the fault regardless of 
the cave angle through intact rock. A stepped crack will result where the 
fault daylights at surface. If mining is only on the hanging wall side of the 
fault there will only be surface movements on the one side. If the fault dip 
is steeper than the cave angle the extent of surface subsidence will be 
reduced, conversely, if the fault dip is less than the cave angle the extent of 
surface subsidence will be increased. 

Abel & Lee 
(1980), 
Stacey & 
Swart (2001),  
van As (2003) 

3 New approach to numerical analysis of caving induced surface subsidence  
Conventional numerical modelling techniques applied to the analysis of rock engineering problems treat the 
rock mass either as a continuum or as a discontinuum. The use of finite element, finite difference methods is 
based on the assumption that the rock mass behaves as a continuum medium. In contrast, distinct element 
methods (DEM) methods are based on the assumption of the rock mass as a discontinuum, consisting of an 
assembly or finite number of interacting singularities. Both continuum and discontinuum techniques provide 
a convenient framework for the analysis of many complex engineering problems. 

One important limitation of continuum techniques is their inability to simulate the kinematic aspects of rock 
mass failure. The solutions based on discontinuum modelling are strongly dependant on the contact 
properties of the discrete elements, which govern their interaction. Scalable and robust methods for obtaining 
these properties are yet to be developed. Moreover, as indicated by Stead et al (2004), neither technique can 
capture the interaction of existing discontinuities and the creation of new fractures through fracturing of the 
intact rock material. A key failure mechanism, rock brittle fracturing, can only be simulated indirectly. 

Block caving subsidence is a product of a complex rock mass response to caving. This response comprises 
massive failure of rock mass in tension and compression, along both existing discontinuities and through 
intact rock bridges, and involving complex kinematic mechanisms. Clearly, the analysis of this phenomenon 
assuming a pure continuum or discontinuum model may not be adequate. It is evident that the numerical 
treatment of such a complex problem necessitates consideration of a blend of continuous and discrete 
computational processes to provide an adequate solution. 

In the current study a state-of-the-art hybrid continuum-discontinuum technique based on finite/discrete 
element method (Munjiza et al, 1995) and fracture mechanics principles is adopted. An implementation of 
this approach using the numerical code ELFEN (Rockfield Software Ltd., 2007) is employed. The ELFEN 
code is a multipurpose FE/DE software package that utilizes a variety of constitutive criteria and is capable 
of undertaking both implicit and explicit analyses in 2-D and 3-D space. Capability exists to simulate 
continuum materials, jointed media and particle flow behaviour.  

In the combined finite-discrete element method the finite element-based analysis of continua is merged with 
discrete element-based transient dynamics, contact detection and contact interaction solutions (Munjiza, 
2004). Use of fracture mechanics principles in a context of finite-discrete element method allows the caving 
process to be simulated in a physically realistic manner. Rock mass failure is simulated through a brittle 
fracture driven continuum to discontinuum transition with the development of new fractures and discrete 
blocks, and a full consideration of the failure kinematics. Table 2 compares continuum, discontinuum and 
hybrid continuum-discontinuum modelling techniques. 
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Table 2 Comparison of continuum, discontinuum and hybrid continuum-discontinuum modelling 
techniques 

Modelling 
technique 

Numerical 
method 

Rock mass 
representation  

Rock mass failure realization 

Continuum  FDM, FEM Continuous medium Flexural deformation, plastic yield 

Assembly of deformable 
or rigid blocks  

Block movement and/or block 
deformation 

Discontinuum  
 
 

DEM 

Assembly of rigid bonded 
particles 

Bond breakage, particle movements 

Hybrid continuum -
discontinuum + 
fracture 

FEM/DEM Continuous medium Degradation of continuum into 
discrete deformable blocks through 
fracturing and fragmentation 

The simulation of fracturing, damage and associated softening in ELFEN is achieved by employing a fracture 
energy approach controlled by a designated constitutive fracture criterion. The current study employed a Mohr-
Coulomb model with a Rankine cut-off. A detailed description of this constitutive model can be found in 
Klerck (2000) and a summary of the ELFEN solution procedure is given by Owen et al (2004). 

It should be noted that the ELFEN computational methodology has been extensively tested and fully 
validated against controlled laboratory tests by Yu (1999) and Klerck (2000). Among others, research by 
Coggan et al (2003), Cai & Kaiser (2004), Stead et al (2004) and Elmo (2006) has demonstrated the 
capabilities of the code in the analysis of various rock mechanics problems involving brittle failure, 
including analysis of Brazilian, UCS and direct shear laboratory tests, analysis of slope failures and 
underground pillar stability. Initial applications of the code to the analysis of block caving by Pine et al 
(2006), Vyazmensky et al (2007), Elmo et al (2007) and Rance at al (2007) showed encouraging results. 

According to Vyazmensky et al (2007) in the context of finite-discrete element method there are three 
possible approaches to the representation of the jointed rock mass systems: 

• Equivalent Continuum 
• Discrete Network 
• Mixed discrete/equivalent continuum approach 

In the Equivalent Continuum approach, similar to analysis employing continuum techniques, the jointed intact 
rock mass system is represented as a continuum with assumed reduced intact rock properties to account for the 
presence of discontinuities. Clearly such an approach is not entirely acceptable, as the mechanical behaviour of 
a jointed rock mass is strongly influenced by the presence of discontinuities which provide kinematic control 
and in many cases govern the operative failure mechanisms. In this sense, the Discrete Network approach is a 
more physically realistic option where the jointed rock mass is represented as an assembly of a maximum 
number of discontinuities and intact rock regions. It should be emphasized that such a detailed representation of 
discontinuities for highly jointed rock masses requires a very fine mesh discretization; hence the computational 
efficiency of this approach is limited to the analysis of relatively small scale problems. For the analysis of 
practical engineering problems it is neither feasible nor necessary to consider every single discontinuity in the 
jointed rock mass; the resolution of fracture representation should however be sufficient to capture the salient 
features of the simulated behaviour. In the Mixed approach key discontinuities defining the behaviour of the 
jointed rock mass are represented explicitly and presence of other discontinuities in inter-fracture regions is 
accounted for implicitly through reduced intact rock properties. This approach was adopted for the current study. 

Geologically sound representation of key natural discontinuities can be achieved through use of Discrete 
Fracture Network (DFN) models. In the current study the DFN code FracMan (Golder, 2007) was utilized. 
FracMan is a convenient tool to generate 3D stochastical models of fracture networks based on collected 
discontinuities data; it allows export of 2D and 3D fracture sets into ELFEN. Integrated use of ELFEN and 
FracMan has previously been presented by Elmo et al (2006), Pine et al (2006), Rance at al (2007), Elmo et al 
(2007), and Vyazmensky et al (2007). 
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4 Modelling Methodology 
Although full 3D mine scale analysis of block caving subsidence is undoubtedly desirable, available 
modelling tools are yet to reach the computational efficiency to allow a detailed and realistic 3D analysis. In 
the current 2D modeling study emphasize is given to the representation of a maximum level of detail 
allowable with the computational efficiency available. Modelling results presented herein are conceptual and 
as such not related to any particular site. However, model geometry and geomechanical characteristics are 
generally representative of the conditions in actual block caving settings. 

Flores & Karzulovic (2002) studied a number of block caving mines and reported typical caved ore block heights 
of around 200m. For the current study a square ore block 100x100m, located at 200m meter depth is considered. 
Block caving mining is simulated by undercutting the block and subsequent extraction of the caved ore. The 
undercut (100m x 4 m) is developed in five stages - 20m at each stage. A uniform draw of caved material was 
implemented. It should be noted that uniform material properties were assumed throughout the model and the 
draw was continued until the volume of rock corresponding to the volume of the ore block is extracted. 

Mahtab et al (1973) noted that the fracture system most favourable for caving includes a low dipping and two 
nearly orthogonal steeply dipping joint sets. The 3D FracMan DFN model adopted in the current analysis 
incorporated one horizontal and two orthogonal vertical sets with sparsely spaced and moderately persistent joints. 
The fracture pattern for the 2D model was derived by assuming a plane parallel to one of the vertical sets within 
the 3D DFN model. Fracture traces intersecting this plane were delineated and exported into ELFEN. 

One of the main challenges in rock mechanics modelling is establishing representative rock mass properties. 
Rock mass classification systems such as RMR, Q or GSI are traditionally used to derive properties for the 
equivalent continuum rock mass. Vyazmensky et al (2007) indicated that use of equivalent continuum 
properties in combination with pre-inserted discontinuities may result in a softer response. Therefore model 
calibration is required to ensure that a combined system of pre-inserted fractures and equivalent continuum 
rock mass is able to simulate caving behaviour in a close agreement with the observed in-situ mine experience. 

The model setup and proposed response calibration procedure for the block caving analysis are shown in 
Figure 1. 

100m

ore
block

100m

100m

FracMan DFN model

3D model 2D trace plane

2D ELFEN model

Properties 
calibration criteria:

Constraint:    

Caveability Laubscher’s 
caveability chart

Cave 
development 
progression

Conceptual model of 
caving by Duplancic 
& Brady (1999)

Subsidence limits Mining 
experience:
Rules of thumb by
McIntosh 
Engineering Ltd. 
(2003)

Constraint

fractures
exported    
into ELFEN

calibrated rock 
mass properties

 
Figure 1 ELFEN model setup and response calibration procedure 

For the analysis presented in this paper Barton’s Q rock mass classification system (Barton et al, 1974) was used 
as a source of initial equivalent continuum rock mass properties. These properties were calibrated (primarily 
through adjustment of tensile strength) so that the model response correlates well with the constraining criteria 
and is representative of the caving behaviour of a rock mass with MRMR ~ 55-60, (within a typical block caving 
range of MRMR 30 to 70). ELFEN input parameters are given in Table 3. Figures 2 and 3 illustrate examples of 
caving simulations of and subsequent subsidence development using the adopted methodology. 

A series of parametric numerical experiments were carried out to evaluate the relative significance of joint 
inclination, faults location and inclination. The list of modelling scenarios assumed is shown in Table 4.  
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Table 3 Input parameters for ELFEN modelling 
Parameter Unit Value  Parameter Unit Value 
Rock mass    Preinserted or newly generated fract.   
Young’s Modulus, E GPa 18  Fracture cohesion, cf MPa 0 
Poisson’s ratio, ν  0.25  Fracture friction, φf degree 35 
Density, ρ kgm-3 2600  Normal penalty, Pn GPa/m 2 
Tensile strength, σt MPa 1  Tangential penalty, Pt  GPa/m 0.2 
Fracture energy, Gf Jm-2 60     
Internal cohesion, ci MPa 5.5  Stress level   
Internal friction, φi

 degree 45  In-situ stress ratio, K  1 
Dilation, ψ degree 5     

end of block undercutting 5% ore extraction 10% ore extraction

 
Figure 2 Gradual cave front propagation at early stages of ore extraction 

20% ore extraction 40%

60% 80%

surface 
subsidence, m

 
Figure 3 Surface depression and crater development with continuous ore extraction 

Table 4 Modelling scenarios 

Scenario  Description 
Base case Vertical and horizontal joint sets 
J1 Sub-vertical set dipping at 80° with orthogonal sub-horizontal set 
J2 Sub-vertical set dipping at 70° with orthogonal sub-horizontal set 
F1 Vertical and horizontal joint sets, 60° dipping fault located 50m west of the model centre 
F2 Vertical and horizontal joint sets, 60° dipping fault located 100m west of the model 
F3 Vertical and horizontal joint sets, 60° dipping fault located 150m west of the model 
F4 Vertical and horizontal joint sets, 45° dipping fault located 100m west of the model 
F5 Vertical and horizontal joint sets, 75° dipping fault located 100m west of the model 
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5 Modelling Results 
Modelling results are presented in Figures 4 - 7. Figure 4 illustrates final subsidence profiles at full ore 
extraction. Figure 5 compares the extent of surface deformation, subsidence angles and subsidence zone 
asymmetry in relation to the block centre. Figure 6 evaluates the violation of an assumed critical deformation 
threshold of 3cm with percentage ore extraction for vertical and horizontal deformation at different distances 
from the block centre. It should be noted that only deformations west of the block centre (see Figure 4a), where 
the major asymmetry was anticipated, were analysed. A critical deformation threshold value was chosen based 
on the assumption that most engineering structures can sustain displacements of up to 3cm without major 
damage. Figure 7 compares movements along fault surfaces. The following sections summarize the key 
modelling results and interpretation. 

5.1 Effect of joint orientation 
The effect of joint orientation was evaluated through comparison of scenarios with three different 
orientations - Base case (vertical/horizontal sets), J1 (80°/orthogonal) and J2 (70°/orthogonal). The joint 
pattern was limited to a single FracMan realization with the desired dip achieved by rotating the joints with 
respect to the model centre. 

As illustrated in Figures 4a and 4b, orientation of the vertical joint set affects the cave propagation, which 
tends to follow the dip of the sub-vertical joint set. 

According to Figures 4a, 4b and 5 for the case with vertical and horizontal joints (Base case) the extent of failure 
zone at full ore extraction is nearly symmetrical. Rotating the joint pattern results in failure zone asymmetry, 
with a rotation of the joint pattern of 10° causing an increase in the extent of the failure zone by about 25%. The 
principal surface subsidence asymmetry is observed in the dip direction of the sub-vertical joint set, west of the 
block centre. It appears that in this region a combination of sub-vertical and low dipping joint sets creates 
favourable conditions for gradual flexural and block toppling, triggered by unloading due to continuous ore 
extraction. At later stages of ore extraction large scale rock segments may form and fail along the low dipping 
joint set. The lower the dip of the sub-vertical joint set and steeper the dip of the sub-horizontal set the larger area 
of the rock mass mobilized. To the east of the block centre, the rock mass fails primarily through sliding along 
the sub-vertical set. This effect becomes more pronounced as the dip of the sub-vertical set is reduced. As 
illustrated in Figure 6, the 3cm deformation threshold was reached at later stages of ore extraction for the Base 
case scenario than for scenarios with inclined joints. This reflects the more gradual character of the surface 
deformation development. Vertical and horizontal deformations for the Base case and scenario J1 exceed the 
assumed 3cm threshold at a distance of 100m from the block centre, whereas for scenario J2 the threshold was 
exceeded at a distances of up to 150m from the centre . Interestingly for scenario J2 critical deformations were 
attained almost simultaneously at 100 and 150m locations implying failure of a major rock mass segment. 

Overall, modelling results suggest the following effects of joint orientation on subsidence development: 
• Steeply dipping joint sets tends to govern the direction of cave propagation. 
• A combination of vertical and horizontal joint sets results in a nearly symmetrical subsidence profile. 
• Subsidence asymmetry is strongly controlled by the inclination of sub-vertical and sub-horizontal sets. 
• Major subsidence asymmetry is observed in the dip direction of the sub-vertical set, where the rock 

mass fails through flexural and block toppling and detachment and sliding of major rock segments. 
• Surface deformations in the reversed direction are controlled by the dip of sub-vertical set. In this case 

the rock mass fails predominantly through rock bridge breakage and sliding along the sub-vertical joints. 

The modelling results provided some interesting insights into the effect of sub-vertical joint set which go 
beyond reported field observations. Further research is being conducted to investigate the significance of the 
dip of sub-horizontal joint set in instigating large scale failures. 

5.2 Influence of fault location and inclination 
Three scenarios were considered to evaluate the effect of fault location on surface subsidence development. 
Model geometry was assumed to be the same as in the Base case. As shown in Figure 4c, in scenario F1 the fault 
was located 50m from the model centre, in scenario F2 at 100m and in scenario F3 at 150m, Figure 4c. In all the 
scenarios a fault dip of 60° was assumed, with the vertical and horizontals joint sets as used in the Base case. 
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According to Figures 4c and 5 faults located at 100m and 150m resulted in asymmetry of the surface 
deformations and increased the extent of the deformation by 19% and 41% respectively. The fault plane acted 
as a boundary defining major surface deformation. The fault located in close proximity to the block was fully 
consumed by the caving and played practically no role in formation of the final subsidence footprint. The fault 
located 100m from the block centre was partially caved, although its remnant portion near the surface acted as a 
sliding plane for hanging wall failure. Movement of the hanging wall created a topographical step of about 2m 
in the surface profile (see Figure 7). Only limited movements of the hanging wall were observed for the fault 
located at 150m from the block centre, with only a minor step in the surface profile being created. 

Two additional scenarios were considered in order to evaluate the effect of fault inclination. The assumed model 
geometry was the same as in scenario F2, with fault dips of 45° (scenario F4) and 75° (scenario F5), Figure 4c. 

As illustrated in Figure 4c the fault inclination played a major role in defining the extent of surface 
deformations. A low dipping fault created favourable conditions for planar failure of the hanging wall as it 
was unloaded by ore extraction. Based on Figure 6 the entire hanging wall was failing nearly simultaneously, 
so that critical 3cm deformation threshold was violated as far as 200m from the block centre. For the case 
with a steeply dipping fault the zone of surface subsidence deformation was significantly smaller. Although 
eventually consumed by caving, during earlier stages of ore extraction the fault acted as a barrier limiting 
mobilization of the rock mass in the footwall. Preliminary results shows that a change of fault dip by 15° 
resulted in a change in the extent of surface subsidence of about 30% (Figure 5a). 

Overall, the following can be inferred with respect to the effect of fault location and inclination on block 
caving induced surface subsidence: 

• Under certain circumstances the fault’s position may play an important role in defining the extent of 
surface subsidence deformation. It appears that faults located within an area of imminent caving are 
likely to be caved and are unlikely to play any major role in the resultant subsidence. Faults partially 
intersecting the caving area may create favourable conditions for failure of the entire hanging wall. 
Faults located in close vicinity of the caving zone extend the area of subsidence deformations, 
although in this case, hanging wall failure is unlikely. In the latter two cases a topographical step in 
the surface profile is formed where the fault daylights at the surface. 

• Unequivocally, inclination of the fault intersecting the caving area controls the extent of surface 
subsidence deformations. Low dipping faults will extend and steeply dipping fault will decrease the 
area of surface subsidence deformation. 

The modelling results are in a good agreement with field observations reported in the literature (Table 1). In 
the current modelling only vertical and horizontal joint sets were considered. Further studies should 
investigate how observed behaviour changes with variation in the dip of the joint sets. 

6 Discussion and Conclusions 
In a complex block caving mining environment subsidence development is a result of a complex interplay of 
several governing factors; in such circumstances discerning the effect of a particular factor can be 
challenging. 

The modelling methodology for subsidence analysis, outlined in this paper, employs an integrated state-of-
the-art hybrid continuum-discontinuum modelling - DFN approach to rock discontinuity representation. A 
novel model calibration procedure was developed to ensure that the simulated behaviour is well constrained 
against observed trends in real block caving settings. This allows realistic modelling of rock mass caving and 
subsidence development. The proposed methodology offers an excellent platform for parametric numerical 
experiments intended to enhance understanding of the factors governing subsidence development. 

Numerical analyses presented in this paper were focused on the effect one of the most prominent factors - 
geological structures. A series of initial numerical experiments highlighted the importance of joint set 
orientation, fault location and inclination, in determining the subsidence development mechanisms and their 
governing role in defining the degree of surface subsidence asymmetry. The modelling findings correlated 
reasonably well with published field observations and offered some new and interesting insight into block 
cave related subsidence. 
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Figure 5 Subsidence characterization: (a) total extent of major surface deformations in m and in %; 

(b) angles of break and fracture initiation; (c) extent of major surface deformations in 
relation to central axis of the block, in m and in % 
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Figure 6 Violation of 3cm critical deformation threshold at different distances from the block 

central axis with continuing ore extraction: (a) vertical displacements, (b) horizontal 
displacements  
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Figure 7 Differential XY displacements for surface points on the fault hanging and foot walls for 

scenarios F1 to F5. 

In summary, the conducted analysis illustrate the significant potential of the proposed modelling 
methodology. More work is ongoing to evaluate the relative significance of other factors controlling 
subsidence development, such as rock mass strength, in-situ stress level, mining depth, varying geological 
domains and surface topography. Furthermore, it is planned to adopt this modelling methodology in the 
analysis of the factors controlling block caving mining induced instability in natural and man-made slopes 
and subsequently evaluate subsidence amelioration strategies. 
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Abstract 
The surface subsidence of the hangingwall in sublevel caving was analyzed by conducting numerical 
analysis of two sections of the Kiirunavaara mine using a finite element method. The caving process was 
explicitly simulated by adding voids moving up from the extraction level and changing the properties of the 
material when the void was filled. Subsidence, stresses, shear strain and plasticity were used to assess the 
hangingwall failure. Based on the estimated failure location on the ground surface, the break angle and the 
limit angle were calculated for different mining levels. The results indicate that the break angle and the limit 
angle are almost constant for deeper mining levels. However, the limit angle differs between sections with 
different rock mass strength. Moreover, the break angle could be altered by large geological structures. 

1 Introduction 
The hangingwall in sublevel caving is undercut, inducing its progressive failure and caving. However, when 
the orebody is vertical or very steeply dipping, failure is also induced in the footwall (Kvapil, 1992). In order 
to predict surface subsidence, two types of deformations need to be analyzed – large deformations within the 
cave zone and small deformations around the cave (Brown, 2003). As a result of large deformations, 
discontinuous subsidence can be seen on the hangingwall and sometimes on the footwall (see Figure 1). 
Continuous subsidence is associated with small deformations only detected using monitoring techniques.  

Hangingwall

Ore

Caved
rock

Crater

Mining level

Tension Crack

Continuous deformation zone Discontinuous deformation zone

Footwall

Step Chimney

Break angle

Limit angle

 

Figure 1 Limits of the ground surface subsidence  

In the Kiirunavaara mine, the extension of the discontinuous deformation zone is limited by the break angle 
which is the angle measured from horizontal to a straight line drawn from the extraction level to the farthest 
surface crack as is shown in Figure 1. The break angle has been estimated for the hangingwall with relative 
success using limit equilibrium methods assuming different failure modes such as planar, wedge-like and 
circular (Herdocia, 1991; Lundman and Vollen, 1991; Lupo, 1996). On the other hand, the limit of the 
continuous deformation zone has been defined by the value of 2 cm of horizontal deformation. This margin 
provides there is no question of ground settlement through non-mining causes. However, the extent of 
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disturbances can not be estimated using limit equilibrium methods, instead it has been determined analyzing 
surveying data. 

Recently numerical methods have been used to analyze both types of deformations at the surface and 
subsurface increasing the understanding of the progressive failure process of the hangingwall. The main 
problem with continuous methods is how to deal with the caved rock produced by the caving process. The 
earliest studies of the Kiirunavaara mine did not consider caved rock in the models (Stephansson et al, 1978; 
Singh et al, 1993). As a result, tensile failure was the primary failure mechanism in the hangingwall. Later, 
Lupo (1999) proposed a new approach using a plastic model in a finite difference program (FLAC). In this 
approach the failed rock mass was converted into caved rock and then replaced by equivalent horizontal and 
vertical tractions, which were applied as distributed pressures along the entire mined void. The results 
indicated that a wedge-like failure occurs in the hangingwall similar to that stated by Hoek (1974). A 
different approach was used by Sjöberg (1999) who modelled the caved rock as a material with very low 
stiffness and even lower for the zone representing the active mining level and the zone of the caving, which 
extended vertically up from the active mining level. With this model the caved rock could experience large 
displacements and create shear forces on the walls by the relative displacement. The result showed that 
circular failure in the footwall is likely to occur only for low rock mass strength. 

A new model is proposed in this paper using an elastic-brittle-plastic material in a finite element program 
PHASE2 (Rocscience, 2007). The CAD environment of the program facilitates the model construction and 
enables changing the element properties at different stages in a simple way without the knowledge of a 
programming language. The model generated was tested in two mine cross sections of the mine, i.e., Y2300 
and Y1500. These sections, which satisfy the criteria for analysis in two dimensions (Herdocia, 1991; Lupo, 
1996; Sjöberg, 1999), are located in the northern portion of the mine where subsidence is reaching the city of 
Kiruna (see Figure 2). Moreover, previous stability analyses of the hangingwall were carried out using 
section Y1500 (Stephansson et al, 1978; Herdocia (1991) and section Y2300 shown in Figure 3 (Lupo, 
1996). Therefore, there is data available to calibrate the models for these sections. 
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Figure 2 Plan view of the mine area 
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Figure 3 Mine section Y2300 

2 Model set-up 
The conceptual model of caving developed by Duplancic and Brady (1999) contains five regions, i.e., caved 
zone, air gap, zone of discontinuous deformation, seismogenic zone and surrounding rock mass. The caved 
zone is composed of failed rock fallen from the cave back; the air gap is an empty space between the caved 
rock and the cave back; the zone of discontinuous deformation is a zone of loosening of the cave back where 
rock experience large-scale displacements; the seismogenic zone is the area surrounding the zone of 
discontinuous deformation where seismic activity takes place due to slip on joints and brittle failure of rock; 
and the surrounding rock mass is the zone around the seismogenic zone where only small deformation 
occurs. Regarding this model, the first two zones were explicitly simulated by changing the material 
properties of the overlying rock of the undercut level. The empty space (air gap) added in the model allowed 
large displacements that induce the failure. Otherwise, the failure will be inhibit by the pressure of the caved 
rock. To perform the stability analysis a simple elastic-plastic material model was considered. 

2.1 Model approach 
The total size of the models was 6000 x 2370 (width x depth) with a uniform triangular element mesh. The 
mesh density was increased in the upper part of the model until level 1100 to increase the resolution close to 
the free surface and close to the excavation. The total number of elements was 22119 for section Y2300 and 
18866 for section Y1500. The orebody, which is inclined 60O, was divided in blocks of 50 m height and 40 
m width with smaller blocks added where the section was wider as shown in Figure 4. The hangingwall was 
divided into blocks of 50 m height and 28 m width.  

The mining sequence is shown in Figure 5. Firstly, the ore block closest to the hangingwall is extracted 
(Figure 5a). In the next stage (b) the adjacent ore block on the same level is extracted. At the same time the 
previously mined block is filled with caved rock and the first overlying block of the hangingwall is replaced 
with empty space to simulate the air gap. The air gap and the mined block are then filled with caved rock (c) 
and the mining advanced to the next level while the air gap is advanced vertically up to the next block in the 
hangingwall. When caving reach the ground surface, the surface profile was adjusted to be in agreement with 
the actual level of the caved rock in the field.. 
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Figure 4 close view of the caved area 

 
                         (a)                                                       (b)                                                     (c) 

Figure 5 Mining sequence 

The vertical and horizontal displacement in the model is controlled by the number of blocks converted to 
caved rock at each stage and their size. This fact was used to calibrate the model employing surface 
subsidence data from the hangingwall. 

2.2 Rock mass properties 
The Geological Strength Index (GSI) was evaluated in the field to estimate the rock mass strength using the 
RocLab program (Rocsience, 2006). The sections Y1500 and Y2300 showed different average GSI values, 
62 and 70 respectively, which gave the opportunity to compare the influence of the rock mass strength on the 
results. The same values of intact rock properties were used in both sections with a rock density of 2700 
kg/m3, mi = 18, and an average uniaxial compressive strength of 186 MPa. The disturbance factor is difficult 
to quantify because although the rock mass suffer disturbance, it is constrained by the caved rock. Thereby, a 
value 0.5 was considered appropriate. The limits of confining stress over which the relationship between the 
Hoek-Brown and the Mohr-Coulomb criteria were considered is 0 < σ3 < 16.5. The upper limit of 
confinement was determined assuming a rock slope of 800 m height. The residual values of friction angle 
and cohesion were obtained from back-calculated strength data for the Kiirunavaara hangingwall (Lupo, 
1997) assuming a planar failure intersecting a tension crack. The dilation angle was estimated using 0.66*φ 
(peak friction angle) (Rocscience, 2007). The same rock properties were used for the footwall and ore 
changing only the rock density, 2800 kg/m3 and 4700 kg/m3 respectively. 
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The properties of the caved rock were obtained from previous analyses (Stephansson et al., 1978; Lupo, 
1996). The input parameters used in the models are shown in Tables 1 and 2. 

Table 1 Mechanical properties of the caved rock 

Density 2000 kg/m3 

Young’s Modulus 200 MPa 

Poisson’s Ratio 0.25 

Friction angle (peak and 
residual) 

35˚ 

Cohesion (peak and 
residual) 

0 

Table 2 Rock mass properties for the mine sections Y2300 and Y1500 

Parameter Mine section Y1500 Mine section Y2300 

GSI 62 70 

Density (kg/m3) 2700 2700 

Young’s Modulus (GPa) 6.7 12.7 

Poisson’s ratio 0.22 0.22 

Tensile strength (MPa) 0.4 0.8 

Cohesion (Mpa) 5.8 7.1 

Friction angle (˚) 44 47 

Dilation angle (˚) 29 31 

Residual cohesion (MPa) 1 1 

Residual friction angle (˚) 37 37 

2.3 Stress data 
It has been difficult to determine the exact virgin stress state due to the variability in the results of stress 
measurements around the mine. Thus it was decided to apply the normal stress components derived by 
Sandström (2003) from regression analyses of overcoring measurements. 

                                                                           zew 037.0=σ                                                                                         

                                                                            zv 029.0=σ                                                                                         

                                                                         zns 028.0=σ                                                                                        

where: 

(3)

(2)

(1)
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σew  = horizontal virgin stress in MPa in the East-West direction  

σv   = vertical virgin stress in MPa 

σns   = horizontal virgin stress in MPa in the North-South direction 

z     = depth in meters below the ground surface 

The relation between the major principal stress (σew) and the vertical stress is 1.28. However, the average 
relation applied in different analyses is 1.5 (Sandström, 2003). Both values were used in different models and 
no significant influence in the results was found. The average value was selected for the analysis. 

3 Model results and interpretation 
The first sign of instability on the ground surface is a crack that grows while mining advance. However, 
because the movement of the hangingwall is constrained by the caved rock, this is a slow process which 
depend on the rate of extraction in the mine. Therefore, it is difficult to determine in the field when the total 
failure is reached because is not possible to see the collapse of the failed block. To overcome this problem, 
time-displacement curves were used. These types of graphs are commonly used to predict the failure of rock 
slopes in open pits (Zavodni, 2000). As an example, Figure 6 shows the curve of total cumulative vertical 
displacement versus time for the surveying station L6 located in the mine section Y1500. The curve is 
classified as transitional with a regressive phase and a progressive phase (Broadbent and Zavodni, 1982). 
The point of inflection in the curve is defined as the onset of failure and its value is considered by the author 
as the critical vertical displacement, CVD. Based on surveying data reported by Dahnér and Stöckel (2006) it 
was estimated that the CVD varies between 0.67 to 0.85 m for the sections used in the analysis. The failure 
surface defined by the CVD is used together with other indicators such as yielded elements, maximum shear 
strain, and stress concentration. Figure 7 shows section Y2300 with the ore extraction at level 800. In this 
figure a CVD value of 0.8 m is plotted together with the major principal stress contours. It can be seen that 
there is stress concentration outside of the assumed failed zone. 
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Figure 6 Time-displacement curve of station L6 located on the section Y1500 
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Figure 7 Failure limit defined by a vertical displacement of 0.8 m and the contour of major 
principal stress for a mining extraction at 800 meter level (section Y2300) 

The limit of the maximum shear strain of 0.04 is almost coincident with the failure surface in both sections 
when the production level is deeper than the level 400 m while for lower levels the shear failure is not clear. 
In the analytical model developed by Lupo (1996), shear failures did not occur until the mining level 500 m 
was reached. In his opinion, the results indicated that the failure mechanism was different in the early stages 
of the sublevel caving operation. Field observations indicated that toppling failures tend to occur close to the 
pit boundaries. 

An additional indicator of failure in the model is the yielded elements failing in shear (Figure 8) and in 
tension (Figure 9). Close to the surface, the zone of tensile failure extends beyond the failure limit 
established by the CVD.  

Vertical bands of elements yielding in tension in the hangingwall and footwall which could indicate the 
formation of tension cracks on the ground surface are evident in Figure 9. This phenomenon can be found in 
the field on the hangingwall but not on the footwall. It could be because the same rock mass properties were 
used for both footwall and haningwall in the model, while in the field, the footwall shows better rock mass 
quality. On the other hand, when the rock mass strength is low, the yielded elements are more distributed and 
there is no band effect. 

The failure surfaces were defined by the CVD and stress concentration. However, section Y2300 only 
showed elements yielding in tension close to the surface. This fact suggests that this zone is prone to the 
formation of tension cracks. Therefore, when the failure plane reaches this zone, a vertical line was drawn 
connecting the plane assuming there is a vertical tension crack. The shape of the plane, in both sections, 
shows some curvature when there is a change in width of the section and almost a straight line when the 
section width is constant. Additionally, the spacing between failure planes is reduced when the orebody 
width is reduced.  

Once the failure location of the haningwall surface at different mining depths was determined in the model, 
break angles for each section were calculated and compared with the values obtained in the field. For section 
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Y2300 a constant break angle of 65˚ was calculated and 64˚ for section Y1500 (Figure 10). However, 
variations in the break angle were found when the section width changed. 

 

Figure 8 Yielded elements failing in shear (section Y2300) 

 

Figure 9 Yielded elements failing in tension (section Y2300) 

In addition, the boundary of the subsidence area was calculated using the limit angle which is defined in this 
study as the angle measured from the horizontal to the extreme point where the subsidence affects the 
surface. An accumulated 2 cm of horizontal displacement is used in the mine to determine the extreme point. 
However, the model showed large zones of influence while this criterion was applied. Instead 2 cm of 
vertical displacement was used considering that the model was calibrated using subsidence. Thus, a constant 
limit angle of 35˚ was calculated for section Y1500. However, section Y2300 shows that the limit angle 
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flattens when mining deepens, converging to 41˚ after the level 800 m. One explanation could be that the 
topography influenced the behaviour of the hangingwall.. 
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Figure 10 Break angle at different mining depths for the mine section Y2300  

In the Kiirunavaara mine several lineaments have been identified by Magnor and Mattsson (1999). The 
lineaments have been correlated to geological structures in the field that tend to form steps or large tension 
cracks and could extend or reduce the surface subsidence. The structures were added to the models to 
analyze its effect on the hangingwall failure. The structures showed yielding close to the surface when the 
assumed failure plane was almost 100 m away. It is likely that structures dilate and as a result, a surface 
crack may appear producing a flatter break angle. Other indicators such as displacement and stress were not 
significantly altered by the structure.  

Finally, no appreciable difference was noticed in the results by changing the relation of the horizontal stress 
(the major principal stress) to the vertical stress (the minor principal stress) from 1.2 to 1.5. 

4 Conclusions and comments 
The numerical model was able to represent the general behaviour of the rock mass at the northern and central 
part of the hangingwall using an elasto-brittle-plastic material and by explicitly simulating the caving process 
through changing material properties at each stage.   

With depth, the numerical model shows yielded elements failing in tension on the surface of the hangingwall 
and footwall. However, while the quality of the rock mass is good, the yielded elements appear along 
uniformly spaced vertical bands. In the south part of the Kiirunavaara mine, where the rock mass is very 
strong, large tension cracks being coincident in location with lineaments have been observed. It seems that 
deformation accommodate better along joints while the rock mass has low quality otherwise there is a 
tendency to concentrate deformation along large discontinuities.  

Below this zone of tension cracks, shear failure occurs from the undercut level connecting the cracks at the 
surface. With depth, the shape of the failure plane changes starting with a steep planar failure that may be 
related to a toppling failure and thereafter changing to a wedge-like failure below mine level 400 m. 

The break angles in sections Y1500 and Y2300 are converging to the same value 64-65O after the mine level 
800. On the other hand, the limit angle seems to be influenced by the rock mass strength being 35O for 
section Y1500 with lower rock mass quality and 41O for section Y2300.  
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Finally, the model showed limitations to analyze the effect of geological structures on the final displacement. 
However, it showed that structures yielded around 100 m behind the estimated failure plane which could 
indicate that fractures could appears in the zone of continuous deformation due to structure dilation. 
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Abstract 
The effects of slope angle of the overburden (OB) dump during rainfall are analysed using a two-
dimensional finite difference method of transient water flow through unsaturated-saturated soils. The dump 
slope stability is evaluated by the global safety factor, based on the two-dimensional elasto-plastic shear 
strength reduction using finite difference method. The finite difference method with shear strength reduction 
technique was used to evaluate the stability of dump slopes under rainfall. The results of the finite difference 
analysis indicated that the slope stability is greatly influenced by the angle of OB dumps slope under 
rainfall. 

1 Introduction 
Rainfall, especially the heavy rains towards the end of summer and in the month of July- August has been 
causing slides and slope failures of many overburden dumps in the mines of Western Coalfields Limited 
(WCL). The infiltration of rainfall results in the rise of the ground water level, a decrease in matric suction 
and a similar decrease of shear strength of soils. These, in turn, may lead to slides and slope failures of the 
dumps. Engineers know that a period of very heavy rainfall can add to the saturation of earth slopes and 
trigger the phenomenon of “mudslides”. High intensity rainfall over a sufficient length of time can reduce the 
stability of slopes in several ways, such as, erosion, piping, slope seepage and pore-pressure effects etc. 

In opencast mining after the removal of overburden (OB) consisting mainly of fragmented rock and loose 
soil dumped inside the mine lease-hold-boundary and form the OB dump. These dumps are categorised in to 
two classes, as internal and external dumps. The stability of this mixture of rock and soil is very much prone 
to heavy rainfall. As the large boulder and fine grained sand and soil mixture are placed side-by-side; more 
void spaces are created, leading to increased permeability and hydraulic conductivity of the medium. The 
rainfall rates, duration and sequence have an important effect to slope stability. There exist significant delay 
time between rainfall and resulting changes in slipping of slope surface [1]. 

The initial volumetric moisture content, the hydraulic characteristics of soil, and permeability had significant 
influence on the procedure of the rise of water pressure, steady state value of water pressure and the lapse 
time to fail, respectively under high intensity of rainfall. And, ultimately these parameters have adverse 
effects on stability of the slope. The slopes with low permeability should fail only if the rainfall lasted a 
sufficient duration even if the rainfall was with a high intensity. For slopes with comparatively larger 
permeability values, the slope failures possibly took place under the rainfall with a shorter duration and a 
higher intensity [6-7].  

The back ground of this analysis may be stated as searching for an optimum slope angle for OB dumps in the 
WCL mines leading to optimum utilization of land area with increasing slope angle of the OB dumps. With 
the prevalent Mining laws in India the slope angle are restricted to 28 degrees for the OB dumps. So it will 
be expected to study the pros and cons, with varying slope angles, on stability the OB dumps using 
numerical models under rainfall consideration and this investigation, to some extent, will also look after the 
cumulative effect of variations in bench height and slope angle towards the stability of OB dumps under 
different rainfall conditions.  

In the present paper, the effect of varying the slope angle of the OB dumps are analysed towards their 
stability with a two-dimensional finite difference model of transient water flow through unsaturated-
saturated soils. The slope stability is evaluated with the global safety factor, obtained with the two-
dimensional elasto-plastic shear strength reduction using finite difference method (FDM). The pore water 
pressure is obtained from the above-mentioned analysis of transient water flow through the unsaturated-
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saturated soils. The conventional elasto-plastic FDM is modified to predict the global safety factor of slopes, 
whose definition is identical to the one in the conventional limit equilibrium methods. The shear strength of 
the unsaturated soils is expressed with the Bishop's effective stress equation. The effects of the rainfall on the 
stability of OB dumps are numerically analysed for a typical dump slopes. The sets of hydraulic 
characteristic parameters obtained from van Genuchten model are used to investigate their influence on the 
ground water level and the dump slope stability. In this study six different dump slope geometries are 
analysed with material properties given in table 2 with the commercial finite difference software FLAC 
version 5.0.  

2 Seasonal Precipitation  
The yearly average precipitation over Nagpur is approximately 515 mm. The month of June and September 
has been receiving highest precipitation, around 170 mm in each of the months respectively [15].  

3 Few Cases of sliding  
In the benches of the open pit mines the sliding is a general phenomenon in the rainy season. Sometimes 
large mass slides from few meters during a season, specially the rainy season, causing a lot of problems to 
the local populace and vegetation [17].  

4 Numerical Approach  

4.1 Modelling water flow in soils / Fundamental flow equation  
The Darcy's law has been shown to be valid for the water flow through saturated and unsaturated soils. The 
main difference being in the assumption that the hydraulic conductivity is assumed to be constant for 
saturated soils; while it depends on the pore volume occupied by water for unsaturated soils. Based on the 
mass conservation and the Darcy's law, the differential equation governing the water flow through 
unsaturated-saturated soils is given by [3] 
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where ijk  is the saturated mobility coefficient also known as the relative permeability for the fluid that may 

be expressed as a function of saturation, wS ; μ  is the dynamic viscosity; P  the pore pressure, ρ  the fluid 
density, and g is the gravitational constant. 

4.1.1 Hydraulic characteristics  

Equation (1) includes two soil parameters, namely, the hydraulic conductivity and the specific moisture 
capacity, which must be determined. These parameters under unsaturated conditions are dependent on the 
volumetric moisture content, which in turn is related to the pressure head. A widely used representation of 
the hydraulic characteristics of unsaturated soils represented by the set of closed-form equations formulated 
by van Genuchten [4], which is based on the capillary model of Maulem [5], has been used for the present 
study. The relationships among the soil-moisture retention capacity, the specific moisture capacity and the 
hydraulic conductivity used for the study are given below: 
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In these relations a, b and c are constants and empirical parameters of the hydraulic characteristics. eS and 
w
rS represent the effective saturation and the residual wetting fluid saturation values, respectively.  
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The van Genuchten model is considered to provide a better match to the experimental data, although there 
are some alternative models with parameters that may be obtained more easily. Leong and Rahardjo 
comprehensively evaluated the models of the hydraulic characteristics of soils [11, 12]. 

The finite difference formulation for the transient water flow through unsaturated-saturated soils can be 
derived by the fluid balance laws [16]. The resulting system of ordinary differential equations is solved using 
an explicit formulation in time, as expressed below:  
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where V is the nodal volume, Q is the nodal flow rate. 

In the explicit numerical scheme, the new nodal wetting pore pressure and saturation values at tt Δ+  are 
evaluated from those at time, t , by adding the incremental values and the evaluated value from known 
quantities at time, t . The stable time step for the numerical stability is calculated on the basis of fluid 
diffusivity. The stable time step also depends on the smallest zone size considered in the simulation.   

4.2 Shear Strength of Unsaturated Soils  
For saturated soils, the principle of effective stress is valid. The methods for determination of the effective 
shear strength parameters for saturated soils are well established, and widely used in geotechnical 
engineering problems. On the other hand, for unsaturated soils, the water phase occupies only parts of the 
pore volume, while the remaining is covered by air. This must be accounted for when calculating the 
effective stress. Bishop [13] has introduced the χ  factor and suggested the following equation for the 
effective stress for an unsaturated soil: 

                                                               ( ) ( )waa uuu −+−= χσσ '                                                             (5) 

where 'σ = effective normal stress; σ = total normal stress; au  = pore-air pressure; wu  = pore-water 
pressure; and χ = parameter with a value between zero and unity depending on soil type and the degree of 
saturation, accounting for the fact that the pore water does not occupy the total pore volume. 

The shear strength is thus calculated as 

                                                         ' ' 'tanf cτ σ φ= +                                                                     (6) 

where fτ  = shear stress at failure; 'c  = effective cohesion; and  'φ  = effective friction angle. 

Another approach is adopted by Fredlund et al. [2], in which the shear strength is calculated using two 
different friction angles, and the additional friction angle bφ  is assumed to be related to the matric suction as 
follows:  

                                          ( ) ( ) b
waaf uuuc φφστ tantan '' −+−+=                                            (7) 

where ( )a wu u−  = matric suction; and bφ = friction angle with respect to matric suction. 

5 Description of constitutive model  
A classical Mohr-Coulomb model is observed to appropriately model the failure strength of soils. The model 
is based on a pyramid shape yield surface with hexagonal section. The particular shape of the yield surface 
introduces discontinuity in the gradient of yield function at the edges of the cone and at its apex. The 
constitutive model also includes a plastic potential with geometry similar to the yield surface, but 
characterized with dilation angle ψ instead of friction angleφ . By setting φ  = ψ, an associative Mohr-
Coulomb model is recovered. A constant dilation angle equals to zero is used throughout each analysis. 
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6 Finite difference method with shear strength reduction techniques  
The slope stability is commonly assessed by limit equilibrium methods. The FDM with shear strength 
reduction (SSR) technique, SSRFDM has also been applied to the slope stability analysis in a two-
dimensional situation [8-10] and three-dimensional situation [14]. Studies have shown that SSRFDM is a 
reliable and robust approach for assessing the safety factor of slope and locating the corresponding critical 
slip surfaces. One of the main advantages of SSRFDM is that the safety factor emerges naturally from the 
analysis without the user having to commit to any particular form of the failure mechanism a priori [8]. 
When the slope stability is evaluated with the effective stress approach, the pore water pressure is sometimes 
computed with the finite difference analysis of water flow or Biot’s consolidation theory. If the same mesh is 
used for the analysis of water flow or consolidation and the analysis of slope stability, the water pressure, 
computed by the seepage or consolidation analysis, can be directly used in SSRFDM. This can simplify the 
slope stability analysis, and can more accurately consider the effect of the seepage force besides the pore-
water pressure on the slope stability.  

The strength reduction technique is typically applied in factor-of-safety calculations by progressively 
reducing the shear strength of the material to bring the slope to a state of limiting equilibrium. The safety 
factor F is defined according to the equations: 
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A series of simulations are made using trial values of the factor trialF  to reduce the cohesion, c , and friction 
angle,φ , until slope failure occurs. If the slope is initially unstable, c  and φ  will be increased until the 
limiting condition is found. In SSRFDM, a bracketing approach similar to that proposed by Dawson, Roth 
and Drescher [10] has been used. 

7 FLAC 
The two phase flow option in FLAC allows numerical modelling of the flow of two immiscible fluids 
through unsaturated medium. In two-phase flow, the void space is completely filled by the two fluids. The 
pressure difference of two fluids g wP P is the capillary pressure cP , which is a function of saturation, wS . 
Darcy’s law is used to describe the flow of each fluid. In the FLAC implementation, the curves for capillary 
pressure and relative permeability’s are built-in following the empirical relations obtained from the van 
Genuchten form [4].  The flow modelling with FLAC may be achieved by itself or in parallel with the 
mechanical modelling. In the latter case, the solid grains forming the matrix are assumed to be 
incompressible (equivalent to the Biot coefficient set equal to one for single phase flow). The following 
features of the fluids /solid interaction are captured using the built-in logic, as: (1) Changes in effective stress 
causes volumetric strain to occur, (2) Volumetric deformation causes changes in fluid pressures, and (3) 
Bishop effective stress is used in the detection of yield in constitutive models involving plasticity.  

8 Few models 
The different model geometries considered for the present numerical analysis are detailed in Table 1. 
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Table 1 Models considered with description  

Model 
Nos. 

Descriptions 

1 Dump slope with 20 m bench height and 45 deg slope angle 
2 Dump slope with 20 m bench height and 40 deg slope angle 
3 Dump slope with 20 m bench height and 35 deg slope angle 
4 Dump slope with 20 m bench height and 30 deg slope angle 
5 Dump slope with two bench each 10 m height (total dump height is 20 m) and 50 deg slope 

angle  
6 Dump slope with two bench one 15 m another 5 m height (total dump height is 20 m) each  45 

deg slope angle 

Table 2 depicts the material properties considered for the numerical analysis.  

Table 2 Model material properties  

Density 
(Kg/m3) 

Bulk 
Modulus 
(MPa)  

Shear 
Modulus 
(MPa) 

Cohesion 
(KPa) 

Angle of 
internal 
Friction 
(Degree) 

Dilation 
Angle 
(Degree)  

Tensile 
Strength 
(Pa)   

Permeability 
(m2/(Pa-S))1  

2000 200 100 8 20 0 0 1x10-9 

9 Results 
The six models described in table 1 are analysed with FLAC version 5.0. The displacement pattern, shear 
strain increment rate, negative pore pressure distribution, the saturation profile, different stress and velocity 
plots are studied in this investigation for searching stable slope angle combination with all these things into 
account. The models 1, 2 and 6 are resulting in failure. The models 3, 4, and 5 are resulting in stable solution 
combination. The obtained factors of safety are listed in Table 3.  

Table 3 The factors of safety of the models 

Models  Factor of 
Safety 

Models  Factor of 
Safety 

After first rainfall spread 
over 7 month 

Unstable 4 After first rainfall spread 
over 7 month 

1.15 
 

1 

After heavy rainfall for 
4days 

Unstable  After heavy rainfall for 
4days 

1.12 

After first rainfall spread 
over 7 month 

Unstable 5 After first rainfall spread 
over 7 month 

1.17 2 

After heavy rainfall for 
4days 

Unstable  After heavy rainfall for 
4days 

1.14 

After first rainfall spread 
over 7 month 

1.01 
 

6 After first rainfall spread 
over 7 month 

Unstable 3 

After heavy rainfall for 
4days 

0.98 

 

 After heavy rainfall for 
4days 

Unstable 

                                                      

1 Mobility coefficient (coefficient of the pressure term in Darcy’s law), it is defined as the ratio of intrinsic permeability to fluid 
dynamic viscosity. 
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9.1 Case with 10m bench height and 50 deg. slope angle 

 

 

 

 

 

 

 

Figure 1           Deformed and undeformed dump 
slope grid (after heavy rainfall, 
214 days), maximum displacement 
18.14 cm. 

Figure 2           Deformed and undeformed dump 
slope grid (after uniform rainfall 
spanned 210 days), maximum 
displacement 12.82 cm. 

 

 

 

 

 

 

 

 

Figure 3           Deformed and undeformed dump 
slope grid  (after 105 days of 
uniform rainfall), maximum 
displacement 11.94 cm. 

Figure 4           Pore pressure profile (after heavy 
rainfall), maximum pore pressure 
1.0x105, minimum pore pressure -
2.5x104 

 

 

 

 

 

 

 

Figure 5           Pore pressure profile (after 210 
days of rainfall), maximum pore 
pressure 1.0x105, minimum pore 
pressure -5x104 

Figure 6           Shear strain increment and 
velocity plots  (after  heavy 
rainfall)  

The pore pressure profiles shown in the figures 4-5, 9-10 and 14-15 depict and support the conclusion 
obtained from numerical analysis results that heavy rainfalls reduce the matric suction pressure more than 
that of the uniform rainfall spanned for a period of 7 month. The shear strain increment and velocity plots 
(shown in figures 6, 11 and 16) point out probable regions of instability and first initiation zone. The 
deformed and undeformed meshes are depicted in the figures 1-3, 7-8 and 12-13, respectively.  
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9.2 Case with 20m bench height and 35 deg. slope angle 

 

 

 

 

 

 

 

Figure 7           Deformed and undeformed dump 
slope grid (after heavy rainfall, 
214 days), maximum displacement 
1.362 m. 

Figure 8           Deformed and undeformed dump 
slope grid (after uniform rainfall, 
spanned 210 days), maximum 
displacement 4.41 cm. 

 

 

 

 

 

 

 

Figure 9           Pore pressure profile (after heavy 
rainfall), maximum pore pressure 
1.0x105, minimum pore pressure -
2.5x104 

Figure 10         Pore pressure profile (after 210 
days of rainfall), maximum pore 
pressure 1.0x105, minimum pore 
pressure -5x104 

 

 

 

 

 

 

 

 

Figure 11         Shear strain increment and 
velocity plots (after heavy rainfall) 

 

In this study the FLAC two-phase flow configuration (CONFIG tpflow) has been used for determining the 
effect of capillary pressures. These models are first run in flow only mode for 105 days after assigning 
infiltration to establish the steady state conditions. Then the models are run in mechanical only mode under 
gravity to establish force equilibrium with roller lateral boundaries and fixed base. 
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9.3 Case with 20m bench height and 30 deg. slope angle 

 

 

 

 

 

 

 

Figure 12         Deformed and undeformed dump 
slope grid (after heavy rainfall, 
214 days), maximum displacement 
7.81cm  

Figure 13         Deformed and undeformed dump 
slope grid (after uniform rainfall, 
spanned 210 days), maximum 
displacement 6.75 cm 

 

 

 

 

 

 

 

Figure 14         Pore pressure profile (after heavy 
rainfall), maximum pore pressure 
1.0x105, minimum pore pressure -
2.5x104 

Figure 15         Pore pressure profile (after 210 
days of rainfall), maximum pore 
pressure 1.0x105, minimum pore 
pressure -5x104 

 

 

 

 

 

 

 

 

Figure 16         Shear strain increment and 
velocity plots (after heavy rainfall) 

 

In all the analysed models it is observed that high rainfall intensity is resulting in a displacement jump along 
the dump slopes. There by heavy rainfall indicates strong influence to stability of dump slope. The pore 
pressure profile is changed with different models but the magnitudes remain more or less the same. 
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10 Discussion 
This investigation shows some optimistic results in the direction of the stability study of OB dump slope in 
response to rainfall infiltration. Taking a small part of the whole lot of complexes in the OB dump slope 
stability study this exercise is directed towards finding combination of safe slope angle of the OB dumps 
with that of average precipitation in that area. As discussed in the first section of this paper, regarding the 
importance of adoption of higher slope angle for saving good amount of lease land area as well as lower 
capital investment for the entrepreneur organisation; the outcomes of the numerical modelling and analysis 
points to the same.  

This study shows that as the slope angle is increased the rainfall creates havoc after 35 deg angle with 20 m 
bench height. Though this has also been observed that with 10 m bench height there is more flexibility to 
increase the slope angle as compared to the 20m high benches. So there is a way out to increase the slope 
angle with this modification at planning phase of OB dumps slope. 

11 Conclusion 
At last this study concludes the following; 

1) The flat slope results gradual dissipation of infiltrated rainfall compared to those with steep slope 
angles.  

2) The negative pore pressure reduction is more with heavy rainfall in small time lapse compared to 
that obtained due to rainfall spreads over longer time range. 

3) Small benches will be stable with steep OB dump slope angle. A 10 m bench, as obtained in this 
study, indicates a stable bench height under the considered material properties.  
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Abstract 
The traditional approach to assessing slope stability is through the calculation of safety factor using 
deterministic input parameters. However, there are many sources of uncertainty in different stages of slope 
modeling such as data uncertainties which are not explicitly reflected in safety factor. Therefore, decision-
making based on safety factor without considering different types of uncertainty may give incorrect result. 
Hence, in order to estimate the effect of uncertainties on the probability of failure, additional tools are 
needed beside traditional analyses. To meet this challenge, probabilistic approach is a suitable method for 
rock slope stability analysis to obtain reliability index and probability of failure.  

The aim of this paper is to study and analyses of the slope stability of North wall of Jajarm Bauxite mine-
Iran using probabilistic method. With utilization of data which are obtained from geotechnical logging of 
core, laboratory tests, and statistical analysis of joints parameters, rock mass classification has been 
performed. After determining the coefficient of variation and related uncertainties for each rock unit, 4 cross 
sections have been analyzed by probabilistic methods through Monte Carlo simulation. 

Keywords: Slope stability, probabilistic methods, model uncertainty, reliability index 

1 Introduction 
Rock slope stability prediction with certain degree of confidence is a critical issue in slope engineering. 
Slope stability assessment is a difficult geotechnical problem because of the involved uncertainty. Generally 
three major sources of uncertainties associated with rock modelling can be identified. The first source is the 
in situ variability, which is connected to the variation of the mineral composition and stress history of the 
rock mass. The second is the measurement errors, mainly due to sampling disturbance test imperfection and 
human factors. The statistical uncertainty due to the limited number of tests and samples is the third source 
of uncertainty. An additional source of uncertainty results from the difference between the actual behaviour 
of the geotechnical system and that of the mechanical model. However, many early efforts have been made 
to limit or quantify uncertainty of input data and analysis results (see e.g. Husien Malkawi et al, 2001; Park 
et al. 2005; Einstein and Baecher, 1983; and Wolf, 1996). Therefore, one of the greatest challenges for rock 
slope stability analysis is the selection of representative values from widely scattered discontinuity data.  

In a traditional slope stability analysis, it is assumed that the values of all model input parameters are exactly 
known. For a given slip surface, a single value of safety factor is calculated. For deterministic analysis, 
single fixed values (typically, mean values) of representative orientation and strength parameters are 
determined and then the kinematic and kinetic analyses are conducted using single representative values. 
Therefore, the stability analysis is normally carried out with one set of geotechnical parameters. Factor of 
safety, based on limit equilibrium analysis, is widely used to evaluate slope stability because of its simple 
calculation and results (see e.g. Chen et. al, 2007; and Hong et. al., 2006). However, most input values 
measured in the field or obtained by laboratory tests which used subsequently to calculate a safety factor 
show a wide scatter across a significant range rather than being a fixed single value. Thus, each parameter 
should be considered as a random variable and the analysis involving different values for each parameter will 
result in different factors of safety. Therefore, the factor of safety itself is a random variable, depending on 
many input variables. However, the deterministic analysis is unable to account for variation in rock mass 
properties and conditions as well as different type of uncertainty. Hence, the probabilistic approach to rock 
slope stability makes it possible to consider uncertainty and variability in geotechnical parameters of rock 
masses. Furthermore, application of such approach has provided an objective tool to quantify and model 
variability and uncertainty (see e.g. Husien Malkawi et al., 2000; and Husien Malkawi et al., 2001). This 
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method treats all input parameters affected by uncertainty as random variables. Random properties of input 
parameters required for probabilistic analyses are obtained by statistical evaluation of available geological 
and geotechnical data. Basic statistical parameters are the mean and coefficient of variation, and the 
probability density function (PDF). Many probabilistic methods for slope stability have been published in the 
literature (see e.g. Li and Lumb, 1987; Chowdhury, 1984; Mostyn and Li, 1993; Alen, 1996; Yu and Mostyn, 
1996; Einstein and Baecher, 1983; and Cherubini et al., 1996) for modelling uncertainty). Four method are 
available and can be used to compute the probability of sliding in a slope stability analysis, including Monte 
Carlo simulation (Kim et al, 1978; Tobutt and Richards, 1979; and Chandler, 1996), Taylor series expansion 
(Hahn and Shapiro, 1967), Fourier analysis (Feller,1996), and statistical point estimation (Harr, 1987).  

In this study, an application of the probabilistic method to practical problems in rock slope stability analysis 
is provided by presenting a case study of the slope stability of North wall of Jajarm Bauxite mine-Iran. In the 
current case study the Monte Carlo simulation was used to calculate probability of failure. Such method uses 
random numbers to sample from the input data probability distributions which is commonly applied to a 
wide variety of problems involving random behaviour, in geotechnical engineering.  

2 Probabilistic analysis  
In the probabilistic analysis, the output of a slope stability analysis can be defined as a distribution of either 
the factor of safety or critical height. A criteria for using this output distributions for accessing the 
consequences of slope failure was developed by Santamarina et al. (1992) is shown in Table 1. These criteria 
associate acceptable levels of probability of failure with various design conditions. 

Table 1 Probability of Failure Criteria for slope 

Criteria for Probability of failure Conditions 
0.1 Temporary structures with low repair cost 

0.01 Existing large cut on interstate 
0.001 Acceptable in most cases except if lives may be lost 

0.0001 Acceptable for all slopes 
0.00001 Unnecessarily low 

The reliability index provides a more meaningful measure of stability than the factor of safety. It is a relative 
measure of the current condition and provides a qualitative estimate of the expected performance. Slope with 
relatively high reliability index is expected to perform its function well. Slope with low reliability index is 
expected to perform poorly and present major rehabilitation problems. If the reliability index is very low, the 
slope may be classified as a hazard. The reliability index (ß) is defined in term of the mean (E) and the 
standard deviation (SD) of the trial factor of safety (FOS) as (Christian et al. 1994): 

)(
1)(

FOSSD
FOSE −

=β       (1)  

The reliability index describes the stability of slope by the number of standard deviations separating the 
mean factor of safety from its defined failure value of 1.0. It can be also defined as a way of normalizing the 
factor of safety with respect to its uncertainty. When the shape of the probability distribution is known, the 
reliability index can be related to the probability of failure. For example, Figure 1 illustrates the relationship 
of the reliability index and the probability of failure for a normal distributed factor of safety. In order to carry 
out a Probabilistic Analysis, at least one of input parameters must be defined as a Random Variable. Some 
authors have considered only the geometric parameters of discontinuity and groundwater conditions to be 
random variables, whereas others also include strength parameters as random variables. The important 
properties of random variables are: Statistical Distribution, Standard deviation (if applicable for the type of 
Statistical Distribution), Minimum and Maximum values, and Mean Value. The type of Statistical 
Distribution, together with the mean, standard deviation and minimum/maximum values, determines the 
shape and extent of the probability density function for the Random Variable. The NORMAL distribution is 
the most common probability distribution, and is generally used for probabilistic studies in geotechnical 
engineering (Abramson, 2002).  
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In this study, the Geotechnical strength Index (GSI), Hoek-brown constant (mi), and Uniaxial Compressive 
Strength (UCS) are considered to be random variables and their random properties have been studied. 

 

Figure 1 The relationship of the reliability index and the probability of failure for a normal 
distributed factor of safety (Christian et al., 1994).  

3 Reliability index calculation 
Figure 2 illustrates schematically the methodology used in this study to evaluate the uncertainty and calculate 
the reliability index, and probability of failure for a rock slope using Monte Carlo simulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2 Schematic representation of methodology used in this study. 

To identify the probability distribution of the safety factor three sets of rock properties (mi, GSI, UCS ) are 
generated from their probability distributions using Monte Carlo simulation. As shown in Figure 3, each 
iteration of the Probabilistic Analysis is carried out by loading a new set of random variable samples, and re-
running the analysis. This is repeated N times, where N=Number of Samples.  

Specify the slope geometry 

Specify the probability distribution
for rock properties GSI, mi , σci 

Search for the critical slip surface and 
its associated factor of safety using 

limiting equilibrium methods

Conduct the reliability analysis

Calculate the reliability index 
and the probability of failure 

Generate 10000 sets of soil properties 
using Monte-Carlo Simulation 

Determine the probability 
distribution of the calculated 

safety factors and its parameters 
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Figure 3 Random Variable Samples used in Probabilistic Analysis 

3.1 Geology and geological modelling 
The Jajarm bauxite mine (North of Iran, approximately 19 km north of Jajarm) is the biggest Bauxite mine in 
Iran. The study area (north wall of pit) consists of Flysh mass rock which is characterized by rhythmic 
alternations of sandstone and fine-grained layers. The fine–grained layers contain siltstone, silty shales and 
clays shales and rarely limestons beds or ophiolitic mass may be found close to its margins. The thickness of 
the sandstone beds is changed from centimeters to meters, the siltstones and schists from layers of the 
bedding discontinuities may be more frequent, depending upon the fissility of the sediments. 

The complex structure of these materials resulting from their depositional and tectonic history means that 
they need specific classification systems. Marinos and Hoek (2001) present a methodology for estimating the 
geological strength index and the rock mass properties of the Flysch. Such methodology introduced 8 zones 
in the Flysh and presented a chart for estimating the GSI for flysh which is showed in Table 2. According to 
this classification, through doing a field study in north wall of Golbini I, 5 zones and all boundaries are 
identified and the geological modelling is prepared by use of Surpac Software. The result is presented in 
Figure 4. 

3.2 Strength properties  
Reliable estimates of the strength and deformation characteristics of rock masses are required for almost any 
form of analysis used for the design of surface excavations. The jointed rock mass can be considered to be 
isotropic and homogeneous if the following conditions are satisfied: i) no faults or bedding planes exist, ii) 
directions of discontinuity surfaces are sufficient randomly distributed, and iii) the joint separation is small 
compared with the magnitude of rock structures, and the discontinuity surfaces must be sufficiently dense in 
the sense that the spacing between the two adjacent discontinuity surfaces is small enough when compared 
with the overall dimension of rock structures. In this condition, the rock mass can be treated as a Hoek-
Brown material. For heavily jointed rock masses, Hoek and Brown revised the original failure criterion by 
the form (Hoek et al, 2002): 
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Where 1σ and 3σ are the maximum and minimum effective principal stresses at failure, mb is a reduced value 
of the material constant mi and is given by  
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s and a are constants for the rock mass given by the following relationships:  
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Table 2 GSI estimates for heterogeneous rock masses such as Flysch (Marinos and Hoek, 2001) 

 
 

 
Figure 4 Geological modelling of north wall of Golbini 1 with final pit limit 
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D is a factor which depends upon the degree of disturbance to which the rock mass has been subjected by 
blast damage and stress relaxation. It varies from 0 for undisturbed in situ rock masses to 1 for very disturbed 
rock masses. , and ciσ is the Uniaxial Compressive Strength of the intact rock pieces. In applying the Hoek 
and Brown criterion to isotropic rock mass three parameters i) Geotechnical Strength Index (GSI), ii) mi, and 
iii) Uniaxial Compressive Strength of the intact rock elements that make up the rock mass are required for 
estimating the strength and deformation properties. These three parameters are calculated for north wall of 
Gholbini 1 in Bauxite mine and the result present in the following section.  

Using field study, five joint sets were identified in north wall of Golbini 1. Table 3 shows the properties of 
these joint sets. Field measurements of discontinuity spacing show average spacing of 0.10–0.2 meter. As the 
Sandstone layers are usually separated from each other by weaker layers of siltstone or shales, rock-to-rock 
contact between blocks of sandstone may be limited. Consequently, it is not appropriate to use the properties 
of the sandstone to determine the overall strength of the rock mass. On the other hand, using the intact 
properties of the siltstone or shale only is too conservative as the sandstone skeleton certainly contributes to 
the rock mass strength. Hence, it is proposed that a weighted average of the intact strength properties of the 
strong and weak layers should be used. Therefore, the suggested values by Marinos and Hoek (2001) which 
are presented in Table 4 are used in this study to weighted strength parameters.  

Table 3 Properties of these joint sets and bedding in north wall of Golbini 1 

Joint set 1 2 3 4 Bedding 
Dip 85 63 66 65 35 

Dip direction 180 125 158 65 340 

Table 4 Suggested proportions of parameters σci and mi for estimating rock mass properties for 
Flysch (Marinos and Hoek, 2001) 

Flysch type 
see Table 2 

 Proportions of values for each rock type to be included in rock mass 
property determination 

A and B Use values for sandstone beds 
C Reduce sandstone values by 20% and use full values for siltstone 
D Reduce sandstone values by 40% and use full values for siltstone 
E Reduce sandstone values by 40% and use full values for siltstone  
F F Reduce sandstone values by 60% and use full values for siltstone 
G Use values for siltstone or shale 
H Use values for siltstone or shale 

3.2.1 Uuniaxial Compressive Strength 

Uniaxial Compressive Strength of rock material of north wall of Gholbini I is determined through doing two 
steps which are i) determine the Uniaxial Compressive Strength of different elements of rock mass i.e. Silte , 
Sandstone and shale, and ii) determine the weight of these elements in each zone for determine the weighted 
average. Therefore, 21 samples are selected and sent to laboratory. The result of the laboratory tests is 
presented in Table 5. Thereafter, this result is weighted for various zones using Table 4 and the results for 
Uniaxial Compressive Strength of rock mass presented in Table 6.  
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Table 5 The Uniaxial Compressive Strength different elements of rock mass in Golbini 1 

Rock Number 
of test   

Min. 
(Mpa) 

Max. 
(Mpa) 

Mean 
(Mpa) 

Standard 
deviation 

Coefficients of 
variation 

Sandstone 13 81 168 127.3 24.9 49.6 
Silt 7 39 98 52.9 9.8 18.6 

Shale 3 5 25 12.3 3.3 27 

3.2.2 Hoek-brown constant (mi) 
The Hoek-brown constant mi can be determined by i) triaxial testing on core samples, or ii) estimated from a 
qualitative description of the rock material as described by Hoek and Brown(1997). For this study, there are 
no triaxial tests on core samples. Therefore, the second method is used for determination. This parameters 
weighted base on table 4 and the results is presented in Table 6.  

3.2.3. GSI 
The Geological Strength Index (GSI), introduced by Hoek (1994), and Hoek and Brown (1998) provide a 
system for estimating the reduction in rock mass strength for different geological conditions as identified by 
field observations. The rock mass characterization is straightforward and it is based upon the visual 
impression of the rock structure, in terms of blockiness, and the surface condition of the discontinuities 
indicated by joint roughness and alteration. Marinoue and Hoek (2001) provide a system for estimating the 
GSI in Flysch for different geological conditions. This system is presented in Table 2, which is used as a 
basis for this study. Finale level in Golbiny 1 of Bauxite mine is 1050 which mean all of zones appear in 
current pit. For determine the GSI, Table 2 and result in Table 4 are used. For determining Standard 
deviation equation 2 is used because only the max and min of these properties are available. 

Table 6 Rock mass properties of north wall of Gholbini 1  

Type Composition and structure Lithology Variable 
parameters 

Probability 
density 
function 

Mean Standard 
deviation Max. Min. 

GSI Normal 22.5 1.8 27.9 17.1

mi Normal 6 6.7 8.01 399G   
Undisturbed silty or 

clayey shale with a few 
thin sandstone layers 

UCS (KN/m2) Normal 12300 33 12309.9 12290.1

GSI Normal 45 23 51.9 38.1

mi Normal 17 1.3 20.9 13.1B   
Sandstone with thin 

siltstone layers. Small-
scale structural failures 
can occur when bedding 

dip is unfavourable UCS (KN/m2) Normal 127000 15 127045 126955

GSI Normal 45 23 51.9 38.1

mi Normal 17 1.3 20.9 13.1E   
Weak siltstone or 
clayey shale with 
sandstone layers 

UCS (KN/m2) Normal 127000 15 127045 126955

GSI Normal 37 23 43.9 30.1

mi Normal 10.3 0.87 12.91 7.69C   Sandstone and siltstone 
in equal proportions 

UCS (KN/m2) Normal 77400 13.5 77440.5 77359.5

GSI Normal 32 2 38 26

mi Normal 8.6 7.3 10.79 6.41D   Siltstone or silty shale 
with sandstone 

UCS (KN/m2) Normal 64600 11.9 64635.7 64564.3

3.3 Slop stability analysis  
In the heavily jointed rock slopes such as north wall of Jajarm bauxite mine Circular failure along a spoon-
shaped surface usually occur. Based on the filed observation of failure the probability failure in north wall in 
Jajarm bauxite mine is circular failure. For analysis in the slope, dimensional limit equilibrium methods 
which include automatic search for the critical failure surface are used for parametric studies of factor of 
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safety. Many such methods are available in practice and the most common ones call on the principle of 
slices. In this method, the failure mass is broken up into a series of vertical slices and the equilibrium of each 
of these slices is considered. Due to the differences in assumptions, various methods have been developed. 
For surfaces that can be approximated by arcs of circles the simplified Bishop method provides reasonable 
result. Therefore, in this case study Bishop and Janbo is selected for analysis. The computer software called 
SLIDE is used to perform slope stability analysis using the above mentioned method of slices. The program 
performs probabilistic approach in analyzing slopes stability problem and reliability analysis is performed 
using Monte Carlo simulation technique. It generates a large number of different rock parameter sets (in this 
case 10000 set random parameter) and calculates the safety factor for each random set. Then, the generated 
factors of safety are used to construct the associated probability distribution. The corresponding reliability 
index (β) and the probability of failure (Pf) of the slope can be obtained.  

Probabilistic Analysis for slope stability analysis carried out in 4 different sections of north wall of Gholbini 
1 using geological model which is created using Surpac software (see Figure 4) and input data from Table 6. 
Such analysis is carried out on the Global Minimum slip surface located by the deterministic (Bishop and 
Janbu) slope stability analysis. The safety factor will be re-computed 10000 times for the Global Minimum 
slip surface, using a different set of randomly generated input variables, for each analysis. The results of this 
analysis include i) FS (mean): the mean safety factor; ii) PF: the probability of failure; and iii) RI: the 
Reliability Index. Due to lack of space, only the histogram plots for Bishop and Janbu method in section 25, 
for example are shown in Figure 5. Figure 6 shows the slip surface with the lowest factor of safety in section 
25. 
 

 
a) Histogram plots for Bishop 

 
b) Histogram plots for Janbu 

Figure 5 Histogram plots for Bishop and Janbu method in section 25 

 
a) Bishop analysis. 

 
b) Janbu analysis. 

Figure 6 the slip surface with the lowest factor of safety in section 25  

Dip of 59 degree is selected as a starting point for slope stability analysis and finally 63 degree is found as an 
optimum dip. The results of slop stability analysis with two different methods Bishop and Janbu are 
presented in Table 7 when the dip of slope is 63 degree. The mean safety factors for all section which 
calculated by Janbu are less then the Bishop method. However, both methods show that the probabilities of 
failure for all sections are 0.   
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Table 7 Results of slope stability analysis 

Reliability index Factor of Safety 
Method Section 

Lognormal Normal 
Coefficient 
of Variation Min. Max.  Standard deviation Mean 

Probability 
of failure 

20 7.43 5.82 6.9 1.34 2.18 0.117 1.68 0
21 7.55 6.14 5.7 1.27 1.93 0.088 1.54 0 
25 6.1 5.01 6.2 1.19 1.84 0.089 1.45 0 

Bishop 
simplified 

35 5.3 4.6 5.6 1.1 1.64 0.075 1.34 0 
20 9.01 7.37 4.7 1.29 1.81 0.071 1.52 0 
21 6.02 5.05 6.1 1.18 1.84 0.089 1.45 0 
25 5.01 4.31 6.3 1.12 1.75 0.086 1.37 0 

Janbu 
simplified 

35 4.3 3.9 5.4 1.05 1.55 0.069 1.27 0 

4 Conclusion  
Probabilistic analysis of rock slopes is performed in this study based on the theory of probability in north 
wall of Golbini 1 in Bauxite mine of Jajarm. In this study, the Geotechnical Strength Index (GSI), mi, and 
Uniaxial Compressive Strength (UCS) are considered to be random variables and their random properties 
have been studied. Because of the low uncertainty in these inputs parameters the probabilistic approach gives 
higher credibility to the calculated factor of safety as coefficients of variation are less than 7% (see Table7) 
compared to the deterministic approach whose account of uncertainty is purely subjective. 
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Abstract 
This paper describes the current status of rock mechanics at the Aitik open pit mine. The present design 
guidelines are described, including criteria for bench slope geometry, catch benches, interramp slopes 
(angle and height), and overall pit slopes. The development work leading to these guidelines is outlined, 
including the evolution of blasting design through research and development work enabling an improved 
bench slope design, and research work on large-scale slope stability resulting in more reliable design 
criteria for interramp and overall pit slope geometry. The structural geology has been addressed through a 
structural-geological model, coupled with core drilling and borehole optical scanning — the latter enabling 
fracture orientations to be determined and thus compared with existing data and models. Drainage was 
proven to be essential for the large-scale stability; hence, implementation of drainage measures has been on-
going and their effectiveness evaluated. An updated slope displacement monitoring program is also being 
implemented to ensure a safe and reliable pit slope design for the future. In conclusion, the conducted work 
has provided a sound basis for reliable pit slope design for present and future mining at Aitik.  

1 Introduction 

1.1 Mine overview 
The Aitik mine is the largest open pit metal mine in Europe, and the only large-scale open pit mine in 
Sweden. The mine is situated near the city of Gellivare in northern Sweden, approximately 60 km north of 
the Arctic Circle and 1200 km north of Stockholm. The pit is owned and operated by the Boliden Mineral 
AB mining company. Mining of the low-grade copper mineralisation started in 1968, with a modest annual 
production of 2 Mton (million metric tons) of ore. Mining production has since steadily increased and today, 
some 18 Mton of copper ore are mined annually, with an additional 22 Mton of waste rock being extracted.  

Mining at Aitik is done using open pit mining with pushbacks. Production blasting is carried out with bulk 
explosives in 311 mm blastholes, with smooth blasting near final benches. Ore is transported by trucks to an 
in-pit crusher. The crushed rock is transported to the plant by conveyor belt through an underground drift in 
the southern footwall. Waste rock is trucked to dumps located to the west and north of the pit. The pit 
currently measures approximately 2500 m in length and 750 m in width (Figure 1 and Figure 2).  

The current deepest mining level (pit bottom) is the 390 m level (actual maximum slope height is about 350 
m). Future mining plans call for a near-doubling of the annual production up to a total of 36 Mton of ore, and 
a final pit depth of approximately 600 m, through new pushbacks on both the footwall and hangingwall side 
(Figure 2). In addition to copper, gold and silver, molybdenum will be added to the product line of the "new 
Aitik". The production expansion will include the construction of a new concentrator, located to the west of 
the mine area. The in-pit crusher will be relocated to a lower level in the pit, and a new conveyor belt tunnel 
will be constructed in the footwall. The planned expansion at Aitik will necessitate a stringent and robust 
design methodology for the pit slopes. 

1.2 Geological setting 
The Aitik mine is located along the Kiruna-Ladoga shear zone, a major structure extending from Lake 
Ladoga in Russia to Kiruna in Sweden. This structure also marks the boundary between the Karelian plate 
and the Svecofennian plate. The area around the Aitik Mine consists of metamorphosed plutonic, volcanic 
and sedimentary rocks, all of Precambrian age. The mine surroundings are relatively flat, with some 
undulating hills. The whole region is covered by a fairly uniform (10–20 m) moraine layer, overlain by peat.  
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Figure 1 Overview plan showing the Aitik mine geometry as of 2007, together with design sectors 

 

Figure 2 Aerial view of the Aitik mine, looking south, showing current mine geometry, and planned 
future expansion with pushbacks on the footwall and hangingwall (dashed lines) 

The copper mineralisation at Aitik occurs as disseminated thin veinlets of chalcopyrite, along with minor 
contents of silver and gold. Ore grade mineralisation is hosted in the main ore zone gneiss, with minor 
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mineralisation in the footwall gneiss. The orebody strikes approximately N20°W and dips about 45° to the 
west. It is approximately 2000 m long and some 300 m wide. The ore zone can be divided into two portions. 
In the northern section, ore grades are relatively constant with depth, whereas they decrease with depth in the 
southern section. The ore reserves in the southern section extend to a depth of around 300 meters below the 
ground surface. In the northern section, the mineralization is known to be more than 800 meters in depth.  

The major rock types at Aitik are metamorphic igneous rocks with various mica content (gneiss and schist). 
The dominant footwall rocks are diorite (particularly in the southern section) and biotite gneiss, generally of 
fairly high strength. The contact between the footwall rocks and the mineralization is not distinct; it is based 
on cutoff grade. The hangingwall contact toward the ore zone is an old thrust contact. Consequently, the 
economic ore boundary toward the hangingwall is sharp. The thrust contact has been subjected to intense 
shearing. Clayey material is occasionally found in this zone.  

The majority of the rocks exhibit a well-defined foliation (preferred alignment of mica minerals). In the 
footwall, diorite rock with only weakly developed foliation is also present. The dominant jointing are 
foliation planes, but cross-joints and subvertical joint sets also exist. The majority of the pre-existing joints 
are short. Aside from the hangingwall thrust contact, no large-scale structures have been verified. 

2 Pit slope design at Aitik 

2.1 Design concept 
Design of pit slopes generally involves determining the optimum configuration for bench, interramp, and 
overall slopes, see Figure 3. Design of benches in open pits involves determining bench height, bench face 
angle, and catch bench geometry. From a rock mechanics perspective, the choice of bench height and bench 
face angle is determined by the structural geology of the mine (the orientation and location of pre-existing 
joints) and the blasting practice. These two factors interact; an improved blasting technique may result in less 
impact from adversely oriented structures, and vice versa.  

The interramp slope angle (cf. Figure 3) is the major parameter for slope geometry used in mine planning. 
Hence, it is of vital importance that the interramp angle is correctly determined. In addition to the interramp 
slope angle, the maximum allowable height of the interramp slope must be assessed. The achievable 
interramp slope geometry is governed by the structural geology and the rock mass strength. For high 
interramp slopes, it is important to account for both structurally controlled and rock mass failures.  

The combination of the interramp slope angle, and the width and number of ramps in the slope, determines 
the overall pit slope geometry. From a rock mechanics perspective, the potential for large-scale slope failure 
must be considered. This is becoming increasingly important with increasing mining depths of open pits of 
today. The overall slope angle directly impacts on the achievable stripping ratio; hence, there are large 
incentives at providing an optimum design of overall pit slopes.  

2.2 Historic review of slope design 
The earliest design criteria for the Aitik mine was developed by the consulting firm Call & Nicholas, Inc., 
through two major studies in 1976 and 1985 (West et al., 1985). These criteria included recommended 
effective bench face angles, catch bench widths, and interramp slope angles, and are shown in Table 1, with 
design sectors according to Figure 1.  

These criteria were largely based on mapped pre-existing joints and the probability of structurally controlled 
failures in bench-scale. The mine was divided into six design sectors (Figure 1), in which geological 
conditions and pit wall orientations were judged similar. The governing criterion for catch benches was that 
the width should be 11 m (or more) for 90% of the benches (i.e. over the total length of the bench slopes). 
This criterion is based on providing enough catchment for falling rocks. The double bench geometry used at 
Aitik involves two 15-m high benches between each catch bench. In the original design, a small drilling 
offset was left between the upper and lower single bench. For the footwall, this offset was chosen to 5.5 m, 
so that approximately the same foliation plane would cut through the toe of both single benches. This was 
based on a foliation dip angle of 69° in the north and middle footwall. The effective bench face angle is 
flatter than this angle, due to backbreak from blasting at the crest. 
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Figure 3 Definition of slope geometry and slope angles 

Table 1 Original design criteria for Aitik and a double-bench configuration (cf. Figure 1) 

Design Sector 
Parameter 

FN FM FS HN HM HS 

Interramp slope angle (°) 47 42 *) 49 51 56 53 

Bench face angle – median (°) 74.0 70.0 74.3 80.0 84.0 80.0 

Bench face angle – 90% > (°) 60.5 53.5 63.3 66.1 72.9 68.8 

Catch bench width – median (m) 19.4 22.4 17.5 19.0 17.1 17.3 

Catch bench width – 90% > (m) 11.0 11.0 11.0 11.0 11.0 11.0 

FN = Footwall North  FM = Footwall Middle  FS = Footwall South 
HN = Hangingwall North HM = Hangingwall Middle HS = Hangingwall South 
*) A steeper alternative with 46° interramp angle was recommended if no large-scale structures could be 
 verified in this design sector; this angle has been used in practice for mining the middle footwall portion.  
 

During the 1990s, an extensive project on smooth blasting was conducted, with the objective to develop 
smooth blasting techniques (for final pit walls) to improve bench slope geometry and thus fulfil the 
stipulated design criteria. This work resulted in the development of a blast damage model, including criteria 
for various types of blast damage and a site scaling law. Together, these form a tool for designing smooth 
blasting patterns, including adjustments to local rock conditions. The results from this work were 
summarized in Marklund et al. (2007). The findings were implemented and, to various extents, applied in 
production blasting (two to three slimhole rows, but no decoupled charges).  

The design criteria of Table 1 also apply to the design of interramp slopes. They were used, principally 
without exceptions, until 1999. The overall slope angle for the footwall and hangingwall slopes, including 
ramps, came out as approximately 45° for this design. These initial design criteria were developed with the 
notion that the risk for large-scale failure was small. Detailed analysis of the large-scale slope stability 
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showed that a steepening of both the interramp and the overall slope angles was possible (Sjöberg, 1999; 
Sjöberg and Norström, 2001), under the assumption that the slopes were drained. These results led to the 
decision of mining the northern hangingwall (HN) with 56° interramp slope angles, i.e. a 5° increase. This 
was implemented starting with the fourth pushback in 2000. The overall slope angles were only slightly 
affected by this change, as ramp widths were increased at the same time as interramp angles were steepened. 
The footwall interramp slope angle was not changed at this stage.  

With these criteria as a basis, and while considering future deepening of the pit and production increases, the 
pit slope design at Aitik has undergone further development. This work has been aimed at providing an 
economic and robust slope design for future mining at Aitik. The developed design methodology relies on: 
(i) rock mechanics investigations and continuous data collection to build and update a geomechanical model, 
(ii) rock mechanics design analyses; and (iii) follow-up and feedback (through observations and monitoring) 
to provide design verification.  

3 Geomechanical model and rock mechanics data collection 

3.1 Geomechanical model 
Pit slope design is, like all other mining design work, dependent on a good knowledge of the rock 
characteristics at the site. Geomechanical investigations thus form the basis for all design work. At Aitik, 
efforts have been made to construct a geomechanical model of the mine, as input to rock mechanics design 
work. The geomechanical model comprises description and quantification (when applicable) of the following 
factors deemed to influence the slope design. (i) geology (lithological description), (ii) large-scale structures, 
(iii) joints and joint sets, (iv) mechanical properties of intact rock and joints, (v) rock mass properties, and 
(vi) hydrogeological condition — each of which will be described in the following.  

3.2 Geology 
The geological description is based on the work by the mine geologist, and interpreted onto horizontal and 
vertical cross-sections. Similar to many mines, the information on the footwall side is sparse; however, 
extended core holes into the footwall rocks have been drilled in the last few years, thus improving on this 
situation. For design analysis, vertical cross-sections are generally used, and these are slightly simplified to a 
provide a number of rock units in each section (to facilitate analysis). The geological description is 
continuously updated as information from new boreholes becomes available. 

3.3 Large-scale structures 
To better assess the structural geology, a structural-geological model of Aitik was developed (Magnor & 
Mattsson, 2002). This model indicated only a few large-scale structures (of the same scale as interramp and 
overall slopes) at Aitik, the hangingwall thrust contact being the most prominent one. Similar conclusions 
were stated in earlier work, although not verified. On the footwall side, a steeply dipping zone with epidote-
feldspar rock may be regarded as such a structure. While it is of high strength, the contact toward the biotite 
gneiss rock is smooth and may act as a weakness plane.  

The structural geology and the possible existence of large-scale features is checked, indirectly, through core 
logging in which the existence of structures and joint surfaces are logged systematically. The existence of 
zones with gouge has proven to affect bench slopes (more on this below), but not the slope stability on a 
larger scale. However, it is important to note that this logging does not provide information on whether these 
structures are connected to form large-scale features.  

3.4 Joints and joint sets 
In the work by Call & Nicholas (West et al., 1985), a number of joint sets were defined for each design 
sector at Aitik. The dominant joint orientations are relatively consistent throughout the mine, something that 
was also confirmed in the structural-geological model. As mentioned previously, the most common joints are 
the foliation joint planes (Section 1.2), striking subparallel to the orebody (footwall) and dipping between 
45° and 70° toward west (steeper toward the footwall). The steeply dipping (70°) foliation planes are most 
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widespread. Joint lengths are generally less than 10 m, with the exception of subvertical joints striking nearly 
perpendicular to the pit walls, which are more persistent, but also less important from a stability perspective.  

For each design sector, four to six joint sets have been defined, based on the results of cell mapping in the 
1980s. No additional mapping has been conducted. However, the deepening and extension of the pit may 
have resulted in new geological domains being exposed. Since the joint set orientations are of vital 
importance for the design of bench scale slopes, the joint orientations have been checked through the use of 
optical borehole scanning. This is performed in core holes (56 mm diameter) using a rotating/scanning 
borehole camera, providing a 360° view of the borehole wall. From this, joint traces can be readily marked 
and their true orientation determined. This technique has proven to be both time-efficient and accurate, thus 
being a cost-effective alternative to cell mapping. Optical scanning is performed in selected boreholes to 
control the orientation of the major joint sets, in particular in areas not yet mined (exploration core holes). 
The results so far indicate similar joint set pattern (as previously mapped) also at depth at Aitik.  

Recently, digital photogrammetry has been tested as a means of determining joint orientations on exposed 
benches, thus covering larger areas than possible with borehole optical scanning. The technique described by 
Gaich et al. (2007) has been tested in a selected area in the south portion of the pit. The results are promising, 
indicating that digital photogrammetry may prove a viable option for mapping benches over a large area in a 
relatively short amount of time. Further evaluation and application of this technique at Aitik is underway.  

3.5 Mechanical properties of intact rock and joints 
The intact rock strength was determined through laboratory tests reported by West et al. (1985). These tests 
only covered a small set of samples, and the resulting scatter was large. Additional point load testing is 
reported in Sjöberg (1999). Since then, point load testing on drill cores has been carried out routinely in 
conjunction with rock mechanics core logging. Core logging and testing is performed in selected exploration 
boreholes to cover the entire pit and the various rock types.  

The mean compressive strengths for all rock types are generally in the range of 60 to 130 MPa. The strengths 
show a correlation with rock type (degree of metamorphosis and mica content), although the scatter within 
each rock type is significant. This scatter is judged to reflect the actual spatial variation of rock strength, and 
cannot be correlated to specific zones within the pit. Furthermore, no strength change with depth or lateral 
location in the pit has been noted. Shear strengths for rock joints were determined based on field tilt tests and 
joint surface characterisation (Sjöberg, 1999). This was judged sufficient for the scope of the analyses.  

3.6 Rock mass properties 
The strength and stiffness properties of the rock mass cannot be measured directly, but only inferred 
indirectly through, e.g., rock mass classification. The methodology developed by Sjöberg (1999) has been 
used at Aitik. This methodology uses rock mass classification in conjunction with the Hoek-Brown empirical 
failure criterion to estimate equivalent properties for the large-scale rock mass. It has been assumed that 
disturbed rock mass strength values apply, relating to the probable residual rock mass strength. Thus, the 
developed strength properties are judged to be on the conservative side. For all analyses of the large-scale 
slope stability, at least two sets of strength properties are used for each rock unit, representing the anticipated 
range of material behaviour for each rock unit.  

This methodology has been used to continuously review and update (as needed) design strength values, as 
new information is being obtained (from drill cores, mapping, etc). Fairly consistent classification ratings, 
with some variation between rock types, have been obtained. Low classification ratings are generally 
attributed to zones with high fracture frequency (fractured and/or crushed zones of rock). 

3.7 Hydrogeological conditions  
The hydrogeological conditions are of paramount importance for the large-scale pit slope stability. Previous 
studies indicated that the footwall is partly drained in the upper portions, whereas the hangingwall is more-
or-less undrained (Sjöberg, 1999). Based on this, and on the importance of achieving drained conditions for 
the overall pit slope stability (cf. Section 2.2), an extensive drainage drilling program is in place. Since many 
of the previous investigations and studies did not provide a conclusive groundwater model, a practical 
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approach involving systematic drainage and follow-up of the results was adopted (as opposed to more 
hydrogeological studies). Subhorizontal drainage holes are drilled into the footwall and hangingwall, at a 
spacing of approximately 60 meters (vertically and horizontally). The length of the boreholes is 120–150 m 
(governed by the required zone of drainage for slope stability). A follow-up program was designed, 
comprising vertical monitoring wells (open holes) positioned around the pit. Test pumping in selected wells 
have helped identify connectivity between different areas in the pit.  

While the results seem to indicate a slight lowering of the water table, it is also clear that the hydrogeological 
conditions are complex. Additional drainholes may be needed, and more time is required to achieve a 
sufficient drainage of the slopes. Additional compilation and analysis of the hydrogeological data will be 
used to fine-tune the drainage program, coupled with improved groundwater monitoring using piezometers. 

4 Design developments and improvements 
During the last few years, fairly extensive development work has been carried out to improve on the slope 
design at Aitik, and to provide input for mine planning work for the future expansion. Some examples of this 
work are given below, along with a summary of presently employed design criteria. 

4.1 Bench and interramp slope design 
The actual slope geometry has been controlled through aerial photography every second year. In the early 
studies (in the 1980s), it was found that actual interramp slope angles were, in general, slightly flatter than 
the design criteria in Table 1. This could be correlated to excessive blast damage, as well as poor quality 
routines. As a consequence, catch benches were too narrow and the design criterion for these was not 
fulfilled. Following the smooth blasting project described previously, the results from aerial photos taken in 
1994 and 1998 showed that bench face angles had, indeed, increased. This was directly attributed to the 
knowledge gained and the implementation of better routines. The studies did, however, also indicate the need 
for an even better control of the backbreak.  

A new set of field trials was thus initiated in 2003, involving a full-scale test on the footwall, from the 180 to 
270 m level. Presplit blasting was chosen as the main alternative, since conventional smooth blasting would 
require a large amount of slimhole rows, as well as decoupled charges, to result in acceptable blast damage, 
based on the damage model and site scaling law (Section 2.2). Hence, 30 m long inclined presplit holes were 
tested. Initially, 80° hole inclination was used, but this was later reduced to 70°, to follow the mean 
orientation of foliation planes in the footwall. An example of the drill- and blast pattern for the footwall is 
shown in Figure 4. On the hangingwall, the tests consisted of 15 m high presplits, with and without a 
reduction of vertical blast damage through an increased number of 165 mm holes in the upper bench, and a 
standard contour blasting with, and without, reduction of the vertical blast damage (Marklund et al., 2007).  

The results of this work showed that by decreasing the vertical blast damage, backbreak was reduced by 2 m 
on the hangingwall. This translates to large reductions in waste rock mining. On the footwall a slight increase 
of the interramp slope angle was possible, while maintaining the other bench design criteria of Table 1. A 
blast design including presplitting and an increased number of 165 mm buffer holes helps control backbreak 
and results in safer benches. It was also shown that hole inclination proved to be a critical factor in achieving 
desired blasting results. Even small deviations in inclination may result in the need for adjustment blasting at 
the toe, as well as an increased risk of rock falls. Small-scale structures had little influence on the blasting 
result. However, slickensided structures with thicker gouge had a large effect on bench face geometry, 
regardless of blasting pattern. Fallouts along these structures cannot be avoided even with very light smooth 
blasting, and contingency plans for such failures must be in place (Marklund et al., 2007).  

The practical experiences of using this design have generally been good (Figure 5). The presplitting does not 
reduce the heave but it does reduce the backbreak at the lower parts of the bench face and the extent of the 
diggability zone. It also reduces the influence of the zone of vertical blast damage on the backbreak. With 
less loose rock on the bench faces it has also improved working safety. The problem with wedge failures 
decreased when the inclination of the presplit holes was decreased to 70º and has been manageable since. 
This lead to an increase of the interramp slope angle for the footwall from 47º to 48º. No changes were made 
in the catch bench design, as the current criterion (Table 1) still is not fulfilled for all portions of the pit. 
Also, a certain minimum width is required for equipment access for scaling and cleaning of the benches. 
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Figure 4 Presplit design on the footwall showing charged weight in each hole, burdens and, within 
brackets, c/c-distances between holes perpendicular to the plane of the figure (m)  

 

Figure 5 Photo of footwall from the 330 m level, showing footwall created with the presplit design  

4.2 Overall pit slope design 
With the planned larger depths of mining, the initial analyses of the large-scale slope stability (Sjöberg and 
Norström, 2001) required an update. The methodology used was that of Sjöberg (1999), involving parametric 
studies for various slope configurations and hydrogeological conditions, and for several sets of rock mass 
properties (cf. Section 3.6). Numerical modelling (both continuum and discontinuum) was employed for 
these analyses. For the continuum models, equivalent rock mass strength properties were used, representing 
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the large-scale rock mass strengths. For the discontinuum models, the effect of including foliation planes was 
investigated. No large-scale structures (except for the hangingwall contact) were modelled.  

The most recent calculations comprised a sensitivity analysis of large-scale slope stability for a maximum 
deep Aitik. Final depths of 600 and 750 m were simulated, using two-dimensional analysis of a 
representative cross-section in the northern portion. Overall slope angles of 45° to 55° were analysed. The 
results showed that mining even to depths of 750 m can be done with stable overall slope angles of 45° for 
the footwall and 50° for the hangingwall, provided that drained conditions for at least 150 m horizontal 
distance from the slope face can be achieved. The analysis also indicated that hangingwall failure (toppling 
type) cannot be excluded for this geometry, in cases with very persistent foliation, see Figure 5. Failure did 
not develop for a 600 m deep pit, but large deformations (meters) can be expected even for stable conditions.  

 

Figure 6 Calculated shear strain (indicating location of failure surfaces) for the case of persistent 
foliation in hangingwall and mining to 750 m depth and 50° overall slope angle  

4.3 Summary of design criteria 
The presently used design criteria for pit slopes at Aitik are summarized in Table 2. For the bench face angle 
on the footwall, inclined presplit blasting in 70° holes over 30 m height is assumed. This also applies to the 
modified ramp design in which the bench reaches full width at the full bench height (15 m on the footwall, 
30 m on the hangingwall). No limit on the maximum interramp height was given in the original criteria. 
However, since the interramp slopes are significantly steeper than maximum allowed overall slope angles 
(see below), the maximum height must be limited. Previous experiences from mining at Aitik have shown 
that heights of up to 6–7 double benches are stable. For the overall slope angle, the criteria given are valid 
for a pit depth (slope height) of up to 750 m, and for drained conditions of at least 150 m horizontal distance 
from the slope face. The actual slope design must be adjusted so that none of the above criteria is violated. 

5 Follow-up, monitoring, and continued work 
Follow-up of the design work is crucial to provide design verification as well as feed-back into the design 
process. The latter is important to be able to continuously optimize the design. For bench and interramp 
slopes, routine follow-up of slope geometry through aerial photography (every second year) provides a good 
statistical database on which design decisions can be based. In fact, much of the described development work 
(e.g. on blasting) has arisen from deficiencies discovered in previous aerial surveys. The results from the 
aerial photography are evaluated statistically and, if necessary, supplemented with in-pit surveying of 
benches. For blasting tests, a methodology using measurements of heave, backbreak, hole deviations, etc, has 
proven to work well and to yield practical results. 

For the overall slope geometry, displacement monitoring is required to ensure a reliable slope design. An 
automated total station, located on the hangingwall side, is used to monitor survey prisms on the footwall 
slopes. At present, reference points on the hangingwall are used for absolute referencing of the base station. 
Upgrades to the system are on-going to improve the robustness and presentation format. An extended use 
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and importance of displacement monitoring is foreseen with increasing mining depths, and monitoring of the 
hangingwall slopes must also be considered.  

In conclusion, the conducted work has provided a sound basis for pit slope design for present and future 
mining at Aitik. Taking the achieved increase in interramp slope angle on the footwall (due to improved 
blasting) as an example, the 1° increase may seem small, but the cost-savings are significant and far 
outweigh the additional costs of presplit blasting. Perhaps more importantly, the research and development 
work for both small- and large-scale slopes, have increased the confidence in the chosen design.  

Further work at Aitik should focus on continued rock mass characterisation at depth (unmined areas) with 
respect to rock mass quality and structural conditions. Rock mechanics core logging and borehole optical 
scanning are the primary tools for these investigations. Perhaps the most important aspect of the overall slope 
stability is the groundwater control. Future monitoring should include piezometers in vertical wells, to give 
better information on the effectiveness of the implemented drainage program. Based on the results, it may be 
necessary to conduct additional numerical modelling to evaluate the sensitivity of slope stability with respect 
to changes in the assumed groundwater model. This should, ultimately, result in a more optimal and cost-
efficient plan for drainage, thus ensuring an economic and safe overall pit slope configuration.  

Table 2 Design criteria for bench, interramp, and overall pit slopes at Aitik (design sectors 
according to Figure 1; NE = North End, SE = South End) 

Design Sector Parameter FN FM FS HN HM HS NE SE 
Bench face angle – median (°) 70 70 70 80 84 80 84 84 
Catch bench width – 90% > (m) 11 11 11 11 11 11 11 11 
Interramp slope angle (°) 48 48 48 56 56 53 56 56 
Maximum interramp height (m) 200 200 200 200 200 200 200 200 
Overall slope angle (°) 45 45 45 50 50 50 50 50 

Acknowledgements 
The permission of Boliden Mineral AB to publish this paper is gratefully acknowledged. The support from 
the staff at Aitik has been invaluable for many of the rock mechanics activities described in this paper, which 
is hereby acknowledged. Finally, we would like to thank Mr. Norbert Krauland for his efforts and everlasting 
enthusiasm in rock mechanics, and for transferring both interest and knowledge to us.  

References 
Gaich, A., Pötsch, M. and Schubert, W. (2007) Photogrammetry plus computer vision for rock mass characterisation, 

bench face surveying and blast planning. Proc. 2007 Int. Symp. Rock Slope Stability in Open Pit Mining and 
Civil Engineering, Perth, Sept 12–14, 2007, ACG, Perth, pp. 511–525. 

Magnor, B. and Mattsson, H. (2002) Strukturgeologisk modell över Aitik. Slutrapport januari 2002, CTMG report 
02001, Luleå University of Technology (in Swedish).  

Marklund, P-I., Sjöberg, J., Ouchterlony, F. and Nilsson, N. (2007) Improved blasting and bench face slope design at 
the Aitik Mine. Proc. 2007 Int. Symp. Rock Slope Stability in Open Pit Mining and Civil Engineering, Perth, 
Sept 12–14, 2007, ACG, Perth, pp. 279–292. 

Sjöberg, J. (1999) Analysis of large scale rock slopes. Doctoral thesis 1999:01, Division of Rock Mechanics, Luleå 
University of Technology, 682 p. 

Sjöberg, J. and Norström U. (2001) Slope Stability at Aitik. Slope Stability in Surface Mining, Hustrulid, McCarter, & 
Van Zyl (eds), Society for Mining, Metallurgy, and Exploration, Inc. (SME), Littleton, pp. 203-212. 

West, R. J., Larson, N. B., Visca, P. J., Nicholas, D. E. and Call R. D. (1985) Aitik slope stability study. Call & 
Nicholas, Inc. Report to Boliden Mineral AB, Aitik Mine.  



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Numerical simulation of the hangingwall subsidence using PFC2D  

T. Villegas  Luleå University of Technology, Sweden; University of Sonora, Mexico 

E. Nordlund  Luleå University of Technology, Sweden 

 

Abstract 
PFC2D has been widely used to mimic the mechanical behaviour of intact rock under different loading 
conditions. Recently, several attempts to represent the mechanical behaviour of the rock mass have been 
carried out using this particle flow code by representing the rock mass as intact rock that loses strength by 
adding discontinuities with different geometrical conditions and mechanical properties. This approach is 
used in this work to analyze the effect of the caved rock on the surface subsidence in the hangingwall at the 
Kiirunavaara mine in Sweden. One cross-section of the North part of the mine was selected for analyses in 
two dimensions. The numerical simulations indicate that although tension cracks develop at the surface the 
primary failure mechanism in the hangingwall is shear. In addition, the model showed that the caved rock 
and the backfill in the pit provide support to the footwall and hangingwall reducing the effect of subsidence 
in magnitude and extension.  

1 Introduction 
Subsidence is an expected effect of mining with caving methods. This induced subsidence is a complex 
phenomenon that shows different surface expressions depending principally on the mining method 
employed, the geometry of the orebody, the in situ stresses, structural geology, and the rock mass strength. 
Caving methods such as block and sublevel caving generate large deformation and discontinuous subsidence 
on the ground surface. In the particular case of sublevel caving the disturbances are significant on the 
hangingwall. For instance, the Kiirunavaara mine shows large surface and subsurface deformation in 
extension and magnitude. Due to its geometrical conditions, the stability analysis can be simplified into two 
dimensions because the orebody is sufficiently long compared to its width to assume plain strain conditions.  

The Kiirunavaara mine, owned and operated by LKAB, is located in northern Sweden to the west of the city 
of Kiruna (Figure 1). The tabular orebody, which is lies between a thick sequence of trachyandesitic lavas 
(footwall) and pyroclastic rhyodacites (hangingwall), strikes 12O north-west and dips 60O east towards the 
city; it is 4000 m long and extend at least down to 1300 m below the ground surface (Bergman et al, 2001), 
with an average width of 80 m.  

 

Figure 1 Horizontal map of the Kiirunavaara orebody (Lupo, 1996) 
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Two types of surface subsidence have been detected -continuous and discontinuous subsidence. The former, 
which extends the farthest from the mine, shows only elastic deformation or continuous non-elastic strain 
(Singh et al, 1993) that can only be detected by surveying. The latter takes place closest to the mine and is 
characterized by a fractured zone with fractures and steps and a caving zone with sinkholes or chimneys. The 
hangingwall is progressively failing in large blocks as the mineral extraction deepens. These semi-intact 
blocks experience a progressive loss of cohesion degrading the rock to a cohesionless material that flows 
downwards by gravity to the undercut level.  

Two difficulties have been identified while studying the progressive failure of the hangingwall. One is the 
estimation of the rock mass strength and the other is the effect of the interaction between the hangingwall, 
the caved rock, and the footwall. The first difficulty has been handled by performing back analysis of 
previous failures and by using rock mass classification systems to estimate the rock mass strength. The 
interaction between the hangingwall, the caved rock and the footwall has been treated differently by different 
researchers. In several stability analyses, it has been assumed that during hangingwall or footwall failure 
there is no stabilizing effect in the caved rock (Herdocia, 1991; Hustrulid, 1991; Dahnér-Lindqvist, 1992). 
On the other hand, Lupo (1996) modified the Hoek’s limit equilibrium method (Hoek, 1974) by considering 
traction forces during draw and interaction between the hangingwall and the footwall in the model. It was 
assumed that the caved rock provides support to the hangingwall and footwall under static conditions when 
no draw is carried out but during active draw the generated traction forces increase the magnitude of the 
shear stresses in both walls. Later the same principle was applied in a numerical simulation of the 
progressive failure of the hangingwall by Lupo (1999) to predict not only the extent of the surface 
subsidence but also the magnitude. The program FLAC (Itasca, 1998) was used and the mining operation 
was simulated as follows: 1) extraction of a single mine ore level, 2) application of the calculated horizontal 
and vertical equivalent surface tractions, 3) iteration of the model until equilibrium, and 4) conversion of the 
failed rock into caved rock. Although Lupo’s prediction of the hangingwall failure appeared relatively 
successful, the deep-seated failures predicted in the footwall have not yet been observed.  

Two-dimensional physical models were carried out by Stephansson et al (1978). The results indicated that 
the caved rock does not increase the steepness of fracture angles but reduce the extent to which existing 
fractures open. Later, based on the same type of analysis, Lupo (1996) described that the footwall would fail 
without the support of the caved rock. Moreover, the tests showed that instabilities increase with increasing 
mining depths.  

In another attempt to analyze the footwall failure Sjöberg (1999) conducted numerical simulations using a 
finite difference code (FLAC). In this analysis, the caved material was represented by a plastic material with 
very low stiffness. The model could show failure in the footwall only for very low rock mass strength due to 
the significant lateral support provided by the caved material. It was concluded that the caved rock was not 
accurately simulated by this continuum method. 

In this paper as a part of the hangingwall subsidence research project between LKAB and Luleå University 
of Technology, the PFC2D program (Itasca, 2005) has been selected to analyze the interaction between the 
hangingwall, the footwall and the caved rock in the mine section Y1500 of the Kiirunavaara mine taking into 
consideration the crushed material added to fill the open pit in the early stages of the underground mining.  

2 Section Y1500 description 
In the chosen cross section Y1500, the rock mass is heavily jointed and can thus be considered homogeneous 
and isotropic. As a result, this section shows good cavability and chimneys, which collapse in a few months 
after creation. In addition, this section is located in the northern part of the mine where the hangingwall is 
close to the City of Kiruna (see Figure 1) and the ground surface of the footwall is close to the mine 
installation and buildings. At the end of the open pit operation, the pit was partially filled with crushed rock 
from the underground mine. Figure 2, which represents section Y1500, shows two orebodies. Though in the 
following representations the thin orebody does not appear, it was excavated in cuts of 15 x 10 m together 
with the main orebody. In addition, Figure 3 shows the farthest crack observed on the ground surface and the 
corresponding level of extraction during the observation.  
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Figure 2 Cross section Y1500 (view from the north) 

After an exploration campaign, Stephansson et al (1978) carried out finite element and physical model 
studies of this section, concluding that the failure mode is a combination of toppling and shear failure. 
During the caving process, tensile fractures develop first on the surface and are followed by shear failure 
along a sliding plane. Limit equilibrium analyses were conducted to analyze the hangingwall stability 
(Herdocia, 1991; Hustrulid, 1991; Lupo, 1996) to predict the break angle. Additionally, the method was used 
to back-calculate the rock mass strength. The cohesion varied from 0.56 MPa to 1.18 MPa and the friction 
angle varied from 32O to 39O. These values were calculated for the point of failure where the hangingwall 
has already experienced large deformation. It is reasonable to assume that these values are not representative 
of the peak strength and they may be closer to the residual strength. 

3 Rock mass simulation using PFC 
With the particle flow code, PFC2D (Itasca, 2005) it is possible to overcome the problems of continuum 
methods to simulate caving and gravity flow in the hangingwall. This code has been able to simulate the 
mechanical behaviour of the intact rock under different loading conditions (Potyondy and Cundall, 2004). 
Recently, several attempts to estimate the rock mass properties, brittleness and strength have been carried out 
by creating discontinuities into the PFC models. Wang et al (2003) analyzed the influence of discontinuities 
in the mechanical response of jointed rock masses in rock slopes. The joints were included explicitly created 
by debonding contacts along planes. An 80 m wide and 60 m high model was created using 24212 particles 
to analyze the stability of heavily jointed rock slope of 60O inclination and 40 m height. Firstly, the micro-
properties were set up to represent the macro-properties of an intact rock. In a second stage eight sets of 
discontinuities with dips of 22.5O, 45O, 67.5O, 90O, -22.5O, -45O, -67.5O and 0O were added. A joint spacing of 
3 m and a maximum joint segment length of 10 m was used. The joint properties such as friction and bond 
strength were set to zero. The joint persistence was varied from 90% to 70% and 50% to study their effect on 
the final model response. The model was only tested under gravity loads. The results showed that the slope 
stability was depending on the joint sets, spacing and joint persistence. 

On the other hand, Park et al (2004) developed a discrete fracture network model for the Äspö HRL the data 
from which was integrated as fracture traces in a 30 x 30 m PFC model. In the PFC model the fractures 
appeared as bands of finite number of particles, and then the micro-properties of the particles that lie on the 
fractures were modified. Several compressive tests were carried out on synthetic material with different joint 
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sets concluding that the values of Young’s modulus, peak strength and crack initiation stress decreased to 
about 50% of those of rock mass without joints, while the Poisson’s ratio showed small changes. 
Furthermore, the mechanical behaviour of the PFC model changed from brittle to perfectly plastic with a 
slight increase in the residual strength.  

A new methodology has been proposed by Pierce et al. (2007) to develop a synthetic rock mass model for 
jointed rock in 3 dimensions. The rock is simulated as an assembly of bonded spheres with an enclosed 
discrete network of disc-shaped discontinuities. A new sliding-joint model was used to overcome with the 
problems of the roughness or bumpiness induced by the particles. 

4 Model calibration 
In this work, the numerical rock mass created in the PFC2D model consists of blocks of synthetic material 
delineated by joints. The variation of particle size and joint length assures the variance of the block size and 
shape. The synthetic material was calibrated following the procedure described by Potyondy and Cundall 
(2004) for a contact bond model. Several biaxial and Brazilian numerical tests were carried out on a 100 x 
200 m model. The program provides a package of files (FisTEnv-Testpack) to perform the tests. The final 
micro-properties of the model are given in Table 1 and the resulting macro-properties and deformation 
constants are given in Table 2. The particle density in Table 1 was adjusted from 2700 kg/m3 to 3700 kg/m3 
taking into consideration that the gravitational load is reduced by the inherent porosity in the particle 
assembly (Wang et al, 2003). 

Table 1 Micro-properties for the synthetic rock 

Property Value 

Minimum radius (m) 0.5 

Rmax/Rmin 3 

Density (kg/m3) 3700 

Normal stiffness (GPa) 90 

Shear stiffness (GPa) 36 

Friction coefficient of ball surface 0.5 

Contact bond normal strength (MPa) 40 

Contact bond shear strength (MPa) 160 

It can be seen in Table 2 that the tensile strength of the model is higher than for the real rock. Although no 
attempt was made to improve this parameter, the model can be improved by clumping particles (Cho et al, 
2007). However, it was expected that the tensile strength of the rock mass will be controlled by joints.  

In this study, the procedure to create the synthetic rock mass used by Wang et al (2003) was followed. After 
calibration of the synthetic rock, six joint sets were added to the model trying to represent the main structural 
domains. The joint sets 180O/70O, 112O/80O, 114O/42O, 239O/60O, 335O/52O, and 025O/44O resulted from 
underground fracture mapping campaign conducted by Chizari (1988) in the northern part of the mine. The 
joint inclination was obtained by stereographic projection on the vertical plane that represents the mine 
section under consideration. The joint set parameters are shown in Table 3. The Joint spacing was fixed to a 
value of 10 m, which was judged to be a representative value in large scale. The area ratio is the fraction of 
a joint plane occupied by joint segments which are placed randomly along the joint plane. For instance, a 
value of 0.5 means that 50% of the plane is formed by segments and the size of each segment is assigned 
randomly by the parameter radius. These two parameters define the joint persistence and were determined by 
trial and error until the model strength showed a reasonable value. Finally, non-contact forces were set to 
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zero. Again, several biaxial and Brazilian numerical tests were carried out on a 100 x 200 m model. The final 
strength and deformability of the model is shown in Table 4. 

Table 2 Peak strength of the intact rock and the synthetic rock 

Property Ore* Footwall* Hangingwall* Numerical 

Uniaxial compressive strength (MPa) 135 – 185 90 – 430 100 – 280 123.5 

Tensile strength (MPa) 10 10-12 12 34  

Young’s modulus (GPa) 60 - 100 44 - 80 37 - 81 74  

Poisson’s ratio 0.18–0.28 0.14-0.27 0.14 - 0.27 0.24 

Internal friction angle (degrees)  22-43˚ 35-38˚ 48˚ 

Cohesion (MPa)  16-108 88-117 24.5  

* Sjöberg et al, 2001 

Table 3 Joint set parameters 

Joint parameter Value 

Area_ratio 0.9 

Radius  0.9 

Spacing  10 m 

Dip (degrees) 12, 24, 41, 79, -25, -38 

Friction 0.4 

Contact bond normal strength 0 Pa 

Contact bond shear strength 0 Pa 

Table 4 Peak strength of the rock mass and the model 

Property Numerical rock mass 

UCS (MPa) 14.3  

Tensile strength (MPa) 1.6  

Young’s modulus (GPa) 22.6  

Internal friction angle (degrees) 51 

Cohesion (MPa) 2.7  
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The numerical model loses brittleness when the number of joint sets was increased and the uniaxial 
compressive strength was reduced from 123.5 MPa to 14.3 MPa. Furthermore, the modulus of deformation 
was reduced from 74 GPa to 22.6 GPa. 

5 Model development 
Firstly, a rectangular, 2900 m wide and 770 m high, assembly was generated. The radius of those particles 
located far from the zone of analysis was increased to reduce the number of particles to 77465 before 
excavation. When the assembly reached equilibrium and 0.16 of porosity, the particle density was adjusted to 
induce the in-situ vertical stress. Thereafter, the lateral walls were slowly adjusted to increase the horizontal 
stress until a value of 1.28 times the vertical stress. This ratio was also used in a finite element analysis of 
section Y1500 (Villegas, 2008) as the global in-situ stress condition. At this stage the contact bond properties 
were added. Each joint set was created in a different origin and the joint number was large enough to cover 
the whole model. The open pit was excavated extracting the whole level. In each step the model was run 
until equilibrium. When the open pit was complete, it was backfilled to the level observed in the field. The 
backfill consists of crushed rock with a uniform size around 20 to 30 cm. However, to avoid an excessive 
quantity of particles in the model instead an average particle radius of 1 m was used. For the underground 
excavation the cut size was reduced to 10 x 10 m. 

To compare the effect of the backfilled material in the pit a second model was ran with the same mining 
sequence but no filled material was added to the pit. The mine induced subsidence was measured in the 
model tracking 20 particles located at the surface simulating a surveying line with 20 stations located every 
20 m. Figure 3 shows the surface profile with mine coordinates in the X direction (East-West) for both 
models when they reach the same mining level. The magnitude and extension of the surface subsidence is 
larger for the model without backfill which indicates that the crushed rock constrained the hangingwall 
deformation.  

Figure 4 shows the condition when the extraction reached the level 400. The surface expression of this model 
shows similarities with the real subsidence, i.e., step failure and the formation of a hole that may represent a 
large tension crack or a crown hole.  

Figure 5 shows the surface profile of the model with backfill generated when the extraction reaches the 
levels 400 m, 500 m and 600 m. It has been estimated that surface cracking initiate when subsidence is 
approximately 20 cm (Chizari, 1988). This value was used to locate in the model the point of surface 
cracking together with the cracks mapped in the field. It can be seen in Figure 5 that there is an increase in 
the radius of curvature of the surface profile generated by the induced subsidence while mining deepens. 
Surface surveying data of the hangingwall show the same tendency as the model.  

During draw the caved rock and the backfill above the undercut level move vertically downward (Figure 6). 
However, at the toe of the hangingwall the rock mass deforms and fails towards the footwall sometimes 
arresting the movement of the backfill. When the material at the surface sinks then there is a lateral 
movement of the caved rock and backfill toward the lower sinking zone as shown in Figure 6. On the other 
hand, the model shows only local failures on the footwall face close to the undercut level by the action of the 
traction forces during draw. No progression of these failures was observed because when the undercut level 
moves down-dip these failures are stabilized by the caved material. 

Figure 7 shows failure on the footwall in the model without backfill when the mining reached the level 400 
m. Therefore, the backfill and the caved rock provide support to the footwall even during draw contradicting 
Lupo’s assumption of increasing shear forces during this period. 
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Figure 3 Surface profile of the model with and without backfill at the same mining level 

 

Figure 4 Surface expressions of the subsidence 
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Figure 5 Surface profile of the model at different mining stages 
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Figure 6 Caved rock movements during draw 
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Figure 7 Displacement in the model without backfill 

6 Comments and conclusions 
The work presented in this paper showed that although the sliding-joint model was not applied the PFC2D 
model used in the analysis was capable of simulating the progressive failure of the hangingwall at the 
Kiirunavaara mine. The model indicates that the caved rock located above the undercut level moves 
vertically downwards, thus creating a depression in the surface profile. A second movement at the surface 
also occurred where the caved rock moves almost horizontally towards the depression. The movement of the 
caved rock and the backfill during draw decrease their support to the footwall and the hangingwall but do not 
increase significantly the shear forces on the footwall side. This could indicate the formation of a stationary 
zone (Chen and Boshkov, 1981) or passive zone (Kvapil, 1992). Therefore, the assumption that the shear 
force increases during draw overestimates the driving forces, thus reducing the safety factor in a limit 
equilibrium analysis. This fact could explain why the predictions by Lupo (1996) about large footwall 
failures while mining deepens have not occurred.  

Above the mining level the hangingwall fails and tends to move laterally towards the footwall exerting 
pressure that is transmitted through the caved rock to the footwall. When the caved rock was composed of 
large blocks, arching was observed. This effect was also observed in physical models conducted by Lupo 
(1996). 

The increase of the curvature radius of the surface profile with increasing mining depths agree with 
surveying data and surface fracture mapping, which indicate that the zone of continuous deformation is 
extending but the magnitude of subsidence is decreasing.  

Finally, it was found that the rock mass strength can be simulated by adding joint sets to the synthetic rock 
generated with PFC. The model shows a reduction of the modulus of deformation and the strength, along 
with a change in behaviour from brittle to plastic. Therefore, if the joint sets are properly characterized in the 
model, the rock mass strength can be back calculated. 
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Abstract 
Palabora has used a number of systems (TDRs, open holes & mico-seismics) to attempt to track the Lift 1 
cave propagation. Of these, only the mine-wide micro-seismic system has provided an ongoing and 
consistent broader view of the cave progression and related events. By analysis of the seismic data from the 
system it has been possible to identify the onset of stress caving, failure of the crown pillar and to track 
changes in the stress regime and deformation rates as caving has progressed. The system has also provided 
important information on pit wall behaviour and most importantly, information with respect to the rock mass 
beneath the present production footprint. It is this information that could give valuable insights into the 
possible behaviour of this rock mass and implications for the potential Lift 2 Project with respect to 
fragmentation, propagation of fracturing, failure of the Lift2 crown pillar and associated seismic hazard.  

1 Introduction 
The Palabora Mining Company (PMC) was founded in 1956 and open pit mining commenced in 1966 at rate 
of 30,000tpd, increasing to 82,000tpd prior to cessation of pit mining operations at the end of April, 2002. In 
total some 960Mt of ore and 1,300Mt of waste have mined. The final pit depth was approximately 819m 
deep with inter-ramp slope angles ranging from 37° in the upper weathered lithologies to about 58° in the 
competent constrained ground toward the base of the pit. The ore body is an elliptical shaped, vertically 
dipping volcanic pipe measuring 1,400m by 800m in plan with possible resources estimated to extend to at 
least 1,800m below surface.  

The development of a nominal 30 000tpd block cave operation was approved in 1996. Shaft sinking 
commenced late 1996 and target production was attained in May 2005. The development of the underground 
block cave operation by Palabora Mining Company has successfully extended the life of its operation by 
some 15 years. The process of transitioning from surface to underground mining has not been without some 
significant challenges in all phases of the operation, technically, operationally and socially. This has been 
due to a number of factors; in particular the development of a block cave in a very competent rock mass 
under an extremely deep and steep open pit, with limited experience within the industry on which to base 
design. In effect Palabora was ‘pioneering’ a difficult position in any operation.  Palabora has the highest 
lifts yet attempted in any block cave operation. This points the way for future block caves. High lifts allow a 
substantial reduction in capital requirements per vertical tonne of ore mined. (Moss et al, 2006). With current 
production rates now running over 33,000 tpd Palabora is considered to be at the cutting edge for block cave 
operations.  

2 Pit Failure  
With the advent of cave breakthrough in the first quarter of 2004, a significant redistribution of stresses 
occurred in the rock mass surrounding the open pit. This was accompanied by the development of cracks and 
subsequent ground subsidence. The cracking and ground subsidence has been confined to the north, north-
west and to a lesser extent, west of the pit (Figure 1). The consequence of the pit wall failure is the potential 
sterilization and dilution of up to 25% of the original mining reserve.  
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Figure 1 Pit showing north wall failure as at December 2006 

3  Mining Layout 
The extraction level (Figure 2) is located 1,200m below the surface at the – 825 m elevation and 
approximately 400 m below the final pit bottom. The production footprint is 670m long and approximately 
240m wide and consists of 20 cross-cuts spaced 34m apart running in a north – south direction. The crosscuts 
are numbered 1 to 20 going from east to west. Draw points are on an off-set herringbone style. The undercut 
level is located 18 m above the production level. LHDs (Load Haul  and Dump)  tip directly into four 
crusher stations located along the northern extremity of the production footprint. 

 
Figure 2 Footprint showing crosscuts and major structures 

4 Caveability and Fragmentation 
Block cave operations require the investment of large amounts of capital upfront and therefore the ability of 
strong and competent rock masses to cave and the ensuing fragmentation is absolutely crucial to the success 
of the new generation of hard rock block cave mines. Even though block caving has been in use for around 
100 years, the basic mechanics of caving are not that well understood, particularly the complex interaction 
between induced stresses and structure of the rock mass that occur during the progression of the cave.  To 
this end the industry is continually striving to develop more reliable and predictive tools to reduce the 
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inherent risks involved in block caving. The major risk factors in block cave mining are well documented 
(Brown, 2003): 

The rock being caved at Palabora represents some of the most competent ground in which caving has been 
carried out. Evidence of the overall rock mass strength is evident in the open pit which represents one of the 
deepest and steeply sloping excavations in the world. Consequently the caving process relies very much on 
the generation of stresses of sufficient magnitude to induce fracturing of the competent rock mass (Moss, et 
al 2004). As expected, the strong competent rock mass initially resulted in coarse fragmentation with 
secondary breaking being a major challenge. No cave operation has undertaken the amount of secondary 
breaking that has been required at Palabora, where some 50% of the initial tonnage has had to be blasted to 
clear draw point hang-ups and blockages. Although coarse fragmentation was anticipated the ore has actually 
broken finer than anticipated, the process of safe and efficient clearing the hang-ups has required substantial 
organisational effort (Moss, et al 2006). 

The fragmentation is currently getting finer with increasing height of draw (HOD). This is resulting in 
increased draw rates and higher production. This is clearly illustrated in figure 3. The ability to safely and 
effectively handle coarse fragmentation in the draw points (hang-ups & boulders) is critical to achieving the 
high production targets normally required of block cave operations and ultimately the overall viability and 
success of the operation. 
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Figure 3 Trends of hang-ups and oversize against draw height (HOD) showing how the cave is 

fining over time leading to an increased rate of draw   

5 Cave Monitoring 
Palabora has used a number of systems (TDRs, open holes & mico-seismics) to attempt to track the cave 
propagation. Of these, only the mine-wide micro-seismic system has provided an ongoing and consistent 
broader view of the cave progression and related events. By analysis of the seismic data from the system it 
has been possible to identify the onset of stress caving, failure of the crown pillar and to track stress 
migration and the rates of changes in stress, the energy index and deformation as caving progresses as well 
as plots of energy index and deformation contours at various elevations (Glazer and Hepworth, 2004). The 
system has also provided important information on pit wall behaviour and most importantly, information 
with respect to the rock mass beneath the present production footprint. It is this information that could give 
valuable insights into the possible behaviour of this rock mass and implications for the potential Lift 2 
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Project with respect to fragmentation, cave propagation, failure of the Lift 2 crown pillar and associated 
seismic hazard.  

6 Palabora Lift 2 Project 

6.1 Background 
It is known that the Palabora ore body continues below the level of the current underground block cave 
operation. Palabora is currently busy with an “order of magnitude “study for lift 2 (Figure 4). At current 
production rates this project could extend the life of the underground mine by some 10 - 14 years, depending 
on the lift height chosen (400 – 500m). Palabora has subsequently embarked on an exploration programme to 
get a better understanding of the structure, rock mass and ore grades going deeper.  

 
Figure 4 Palabora Underground Mine showing a second lift option 

6.2 Lift 2 Risk Factors 

6.2.1  Caveability 

One of the major risk factors pertaining to block cave mines is the caveability of the rock mass. At this stage 
Palabora lift1 is caving well and this is not considered to be a major risk with respect to a lift 2. In addition 
the in-situ stresses are anticipated to be significantly higher giving rise to higher induced stresses to drive the 
caving process.  

6.2.2  Subsidence risk 

Some of the major risks pertaining to a second lift are the extent of any further subsidence on surface and in 
particular the possible detrimental effects on the major Production and Service Shaft systems. The viability 
of a second lift is very much dependent on these structures remaining serviceable for the duration of the lift 2 
LOM. The current pit failure has been extensively modelled (Brummer R, et al, 2006). A second important 
consideration is the effect on the current lift 1 operations and the ability to maintain production while Lift 2 
is being developed. Experience at Palabora has shown that once stress caving has been initiated, the observed 
seismicity (seismogenic zone) migrates rapidly upwards.  The lift 1 crown pillar is estimated to have failed 
only some 10 months after the initiation of stress caving with a column height of 400m.  
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A similar rapid upward migration of seismicity was also experienced with the Lift 2 caving at the 
Northparkes Mine. The seismicity reached the base of the Lift 1 only some 6 months after caving 
commenced, with a 350m lift height. This poses the risk that operations on the Palabora Lift 1 extraction 
level may have to be abandoned relatively soon after the caving of Lift 2 commences, long before the 
required production target has been attained.  

6.2.3 Fragmentation  

As noted in section 4, the Palabora Lift 1 block cave has probably had to contend with the coarsest 
fragmentation ever experienced by any block cave with the most amount of secondary breaking being 
required on a daily basis. To a large extent the rate of production build-up for Lift 2 will be governed by the 
degree of primary fragmentation experienced. The build up to full production for Lift 2 is expected to be 
significantly quicker than was the case for lift 1, due in part to the experience and learnings from Lift1, 
technology developed and the anticipated finer fragmentation.  This is as a result of the extensive seismic 
activity and deformation observed below the Lift 1 extraction level since the beginning of 2005 leading to “ 
seismic preconditioning” of the underlying rock mass.   Although the fragmentation in the early stages of 
caving is still expected to be reasonably coarse, the expectations are that it will be considerably finer than 
that experienced for Lift 1 due to the seismic deformations that are being observed up to 200 metres below 
the current extraction level and still extending in depth.  

7 Seismic preconditioning of the rockmass 
A similar process to the lift 1 block cave crown pillar failure mechanism is taking place in the rockmass 
below the underground extraction level. The existence and extension of the fractured or failed rockmass 
volume below the open pit became apparent only after the post analysis of seismicity, however, the process 
taking place below the underground production level has been monitored by the seismic network since the 
initiation of the network and data continues to be collected on a daily basis. By the end of 2006 the de-
stressed rockmass thickness below the extraction level was approximately 100m thick. Analysis of seismic 
data indicates that the fracturing process taking place below the extraction level is very similar to the process 
relating to the crown pillar fracturing and failure. The increased depth below surface and increased vertical 
and horizontal extent of the cave, with the open pit above, means that the in situ horizontal stresses as well as 
the mining induced stresses are higher than the stresses that initially existed below the open pit. For this 
reason it would be logical to expect that the final de-stressed zone below the extraction level would be 
thicker in extent than the zone below the open pit. Analysis of seismic data recorded below the 
extraction level also indicates that the de-stressing process has slowed down. It is possible that what 
we have recently observed is only part of the ongoing process of the expansion of the de-stressed 
zone below the mine. Analysis of more recent data indicates that this process of failure below the 
extraction level was initially slow and only following the failure of the crown pillar at the base of 
the pit, with the subsequent changes to larger seismic events, has the process shown some form of 
acceleration. This trend is not too surprising as the increase in horizontal stress around the base of 
the cave below the production level could be expected to increase at the same time as these stresses could no 
longer be transmitted through the crown pillar above the cave. This horizontal stress through the crown pillar 
would have clamped the sub vertical structure above the cave and its reduction with crown pillar failure 
would allow shearing and larger seismic events to be associated with this sub vertical structure. 

Since the beginning of 2007 there has still been a fair amount of low magnitude seismicity taking place 
below the underground mine.  A depth analysis of this seismicity indicates a slow, but continuous, downward 
trend. It is, however, anticipated that this downward migration of failed rock will not extend much deeper 
than the 100m currently observed below the base of the open pit as this is not a crown pillar situation with 
the cave back approaching from below. Thus, despite the higher initial stress and mining induced stresses 
due to depth, we do not have the asymptotic stress increase associated with a reducing crown pillar. 

Implementation of rock burst hazard mitigating methods such as stress-relief blasts, or hydro-fracturing, 
results in the reduction of the rock stiffness including the reduction of shear strength. This leads to increasing 
small shear failures in the rock, which are the mechanisms of the mode one seismic events (Glazer and 
Hepworth, 2005).  
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This type of mode one seismic event is what we are recording in the seismically active zone above the cave. 
These mode one events above the cave are primarily shear events and are initiated by the continuous process 
of the decrease in the rockmass stiffness above the cave back. The cause of these mode one seismic events is 
the inelastic behaviour of the rockmass related to various aspects such as the presence of micro and macro 
stress concentrations, sliding movements along bedding planes and between rock blocks, as well as initiation 
and propagation of micro and macro fractures. Similar conclusions were given by Rorke and Brummer 
(1990).  

The idea of using explosives for rockburst control (preconditioning) is to stop the mechanisms that increase 
the horizontal clamping forces and to promote the occurrence of shear movements along fracture planes and 
parting planes. Both preconditioning the rockmass with explosives and the growth of the cave stimulated by 
drawing rock from the cave drawpoints, work essentially the same way and have the same effect on the 
rockmass. In block caving, the cave back progression generates fractures in the intact rock immediately 
ahead of the cave fracture zone, which alters the rock properties and reduces load carrying ability of this 
fractured rock. As the cave back approaches the newly fractured rock, it will yield under the increased 
tangential stress causing shear movement between the blocks of rock and the further propagation of 
fractures. The cave progress will also result in breaking asperities and other locking mechanisms in the 
fractured rockmass, creating an environment for increased shear movement and growth of the fracture zone 
around the cave back.  

An additional mechanism also takes place around the cave due to the stress redistribution leading to further 
fracturing and deformation by extending the zone of fracturing ahead of the cave back. This is by both 
seismic and a-seismic deformation. A-seismic deformation is a process of shear fracturing taking place in 
already existing shear fractures with little or no seismicity (Spottiswoode, 1990). 

When the seismic cumulative moments are calculated for specific volumes then this procedure allows for 
comparisons between those volumes. A volume with higher amounts of seismic deformation will be more 
preconditioned or de-stressed than a volume with a lower cumulative moment. The distributions of the 
amounts of seismic deformation in a given rockmass volume will then indicate how homogeneous this 
rockmass is as far as de-stressing is concerned. Apart from seismic deformation, the rockmass is also 
deforming a-seismically. This second process is slow fracturing that releases either low or no energy and for 
this reason cannot be recorded by a seismic system. Experience with the failure of the Crown Pillar indicates 
that with the caving process, a lot of the rockmass fracturing that takes place around the cave is of the a-
seismic type. 

8 Seismicity below the mine 
This is an analysis of seismic deformation below the mine in a depth range from -800m down to -1200m, in a 
rockmass volume, which approximates the depth and extent of the proposed Lift 2.  Vertically this volume is 
divided into four 100m thick layers (numbers 1-4 are reserved for the layers located above the mine): 

Layer 5 is located between Z = - 800m and Z = - 900m  
Layer 6 is located between Z = - 900m and Z = - 1000m  
Layer 7 is located between Z = - 1000m and Z = - 1100m  
Layer 8 is located between Z = - 1100m and Z = -1200m  

Table 1 Distribution of seismicity below the mine 

No of events Seismic energy Seismic deformation  
No % J % Nm % 

Layer 5 19377 64 5.26E+07 58 1.54E+13 50 
Layer 6   7114 23 2.63E+07 29 9.98E+12 32 
Layer 7   2990 10 1.15E+07 13 4.02E+12 13 
Layer 8     905  3 5.74E+05 Below 1% 1.61E+12   5 
Total 30386 100 9.10E+07 100 3.10E+13 100 

Table 1 indicates the seismicity distribution, seismic energy emissions and amounts of seismic deformation 
in each of the 100m thick layers. Most of the seismicity recorded to date is associated with the first layer. 
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With depth these three values decrease. However, the energy release and seismic deformation rates for the 
top two layers are within the same order of magnitude ranges. Seismicity contained in layers 5 and 6 is 
distributed uniformly over the whole area while in layers 7 and 8 most of the seismicity is concentrated in the 
north central part. 

 
Figure 5 Whole volume – energy index history 

The energy index time history indicating changes in stress and the average monthly depth of seismicity for 
the volume of interest is presented in Figure 5. The highest stress level was reached during the last quarter of 
2002. The stress index value of 1.0 was reached during June 2004, approximately the time the cave broke 
into the open pit. The minimum stress index was reached by the end of 2004.  

 
Figure 6 Whole volume – monthly seismic activity rates 

Figure 6 indicates that seismic activity rates in the volume of interest only started to increase from October 
2004, which was when most of the stress was released and the energy index returned to the mean value of 
1.0 The failure of the Crown Pillar (December 2002) had no influence on the seismic activity rates.  
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Figure 7 Whole volume – Monthly seismic energy release rates 

Figure 7 shows the monthly seismic energy release rates in the volume of interest.  The maximum rates were 
recorded about three months after the Crown Pillar failure.  

 
Figure 8 Whole volume – Monthly seismic deformation rates 

Figure 8 shows the monthly seismic deformation in the volume of interest. The increase of the seismic 
deformation rates started only after the Crown Pillar failure. When the energy index reached the mean value 
of 1.0 (end of 2004) the seismic deformation rates then decreased to their lowest monthly rates. Unlike the 
energy release rates, the seismic deformation rates started to increase again reaching higher rates during 2005 
and 2006. It would appear that the stresses migrated deeper and the seismic deformation during 2005 and 
2006 was taking place in a deeper zone than during 2003 and 2004. This might be an indication that the first 
100m of rockmass located below the mine was already de-stressed (preconditioned) and as a result the 
process of rockmass fracturing below the mine migrated deeper. 

9 Seismic deformation contour maps 
In this section seismic deformation contour maps have been derived for the rockmass volume located down 
to four hundred meters below the existing mine. This volume of interest covers the rockmass volume for a 
possible future Lift 2 block cave mine. The contour maps of the cumulative seismic moment are presented in 
both horizontal and vertical sections. A brief comparison then follows of the recorded amounts of seismic 
deformation above and below the existing mine.  
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Figure 9 Local magnitudes versus seismic moment  

Figure 9 shows the relation between the local PMC magnitude sizes and the seismic moment.  

9.1 Horizontal contour maps of seismic deformation 
Figure 10 gives an illustration of the distribution of seismic deformation. The distributions are not 
uniform and in general there is more deformation in the west than in the east in the top two layers. 
In case of layers 7 and 8 (not illustrated) there is significantly more deformation to the north of the 
block. 

 
Figure 10 Seismic deformation contours in layer 5 

9.2 Vertical W-E contours of seismic deformation 

Each profile is 1000m long (from Y = -12500 to Y= -13500) and 400 metres in vertical extent (from 
elevation of -800m down to the elevation of -1200m). All these profiles are located 100m apart. Similar to 
the horizontal layer contour maps the vertical profiles indicate that in the north the higher deformation values 
extend deeper than in the south. The central profiles show that the 0.5 contour extends down to elevation of -
1000m (Figure 11). 
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Figure 11 W-E vertical section showing contours 

10 Comparison between seismicity recorded above and below the -800m level. 
The area of interest is now a base volume that is 800m thick (400m above the mine level and 400m below 
the extraction level). Table 2 presents the cumulative seismic energy release values and cumulative seismic 
moment values, for each of the 100m thick layers. Data used to calculate these values was recorded between 
01/01/2002 and 30/11/2006. The amounts of seismic deformation (and released seismic energy) associated 
with the first layer above the mine (layer 4) and the first layer below the mine (layer 5) are for all practical 
purposes the same. The same relationship appears to hold for the layer located 100m above the mine (Layer 
3) and the layer located 100m below the mine (Layer 6).  

Table 2  Distribution of seismic energy release and seismic moment 

Seismic energy Seismic moment Layer No Depth range 

J % Nm % 

1 -400m/-500m 3.11E+07 13 4.32E+12 6 

2 -500m/-600m 4.23E+07 18 7.52E+12 11 

3 -600m/-700m 2.52E+07 11 1.05E+13 15 

4 -700m/-800m 4.55E+07 19 1.56E+13 23 

5 -800m/-900m 5.26E+07 22 1.54E+13 22 

6 -900m/-1000m 2.63E+07 11 9.98E+12 14 

7 -1000m/-1100m 1.15E+07 6 4.02E+12 6 

8 -1100m/-1200m 5.57E+05 Below 1 1.61E+12 3 
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Figure 12 Distribution of seismic moment in layers 

Figure 12 shows the distribution of the cumulative seismic moments in the different layers. This distribution 
is symmetrical for layers 3, 4, 5 and 6, which is in the rockmass 200m above and below the present 
extraction level. The axis of symmetry is the production level (A). In practice this implies that in the layer 
200m above and below the mine, the amounts of seismic deformation are the same. This does not apply to 
the two top and two bottom layers (layers 1, 2 and layers 7 and 8). Experience with the Palabora caving 
process indicates that the amounts of seismic deformation as listed in Table 2 were sufficient to initiate 
enough of the primary fragmentation for the whole rockmass volume above the mine to cave. The unknown 
factor is the amount of a-seismic deformation that took place above the mine. Above the mine the 
mechanism that triggered both the seismic and a-seismic deformation was the caving process. By the end of 
2006 (nearly four and a half years after the initiation of the caving process) the amounts of seismic 
deformation above and below the mine are very similar.  

11 Conclusions 
1. Contour maps of seismic deformation represent the amount and distribution of the rockmass 

preconditioning due to the occurrence of induced seismicity. 

2. Horizontal seismic deformation contour maps for layers located below the present mine indicate that: 

• The distributions of seismic deformation are not homogenous. 

• There has been significantly more seismic deformation at the west side of the mine than at 
the east   side 

• The amount of seismic deformation decreases with the depth 

3. The observed horizontal distribution of seismic deformation below the mine should be used to 
determine the Lift 2 mining strategy. Consideration must be given to initiating the Lift 2 cave in the 
less fractured (stronger) rockmass of the east. This will reduce the risk of the cave developing only 
in the softer/weaker western rockmass and not propagating in the stronger eastern part of the mine 
resulting in a possible overhang. 

4. Vertical profiles of seismic deformation contours indicate that the first 100m of the rockmass 
volume located directly below the existing mine is already well de-stressed. 

5. Comparison between the amounts of seismic deformation above and below the current caving 
operation leads to important deductions with respect to the caveability and the primary fragmentation 
for a possible Lift 2 block cave located below the present mine. Due to the observation that after four 
and a half years of caving at Palabora, the amounts and vertical distribution of seismic deformation 
above and below the present mine are practically the same, the following can be concluded: 
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• The initiation of the Lift 2 caving process will result in more seismic deformation taking 
place than was the case for Lift 1, as the new caving process will result in further seismic 
deformation in addition to that which was due to Lift 1 

• The anticipated increased seismic deformation associated with Lift 2 (compared to Lift 1) 
will result in a finer degree of primary fragmentation, which in consequence might improve 
the secondary fragmentation (as experienced with Lift 1). 

• The top volume of the potential Lift 2 rockmass is already at this stage (de-
stressed/preconditioned and fractured) so it will most likely cave rather than form a crown 
pillar (arch) resulting in the possible formation of a significant air void. 

6. Experience from Palabora open pit and Lift 1 mining indicates that it would be good practice to 
expand the seismic network below the current mining levels. In this way a lot of valuable quality 
information required for planning any future mining operations at depth will be available.  

Acknowledgments 
The authors wish to thank the Palabora Mining Management for granting permission to publish this 
paper.  

References 
Brown, E. T. (2003) Block Caving Geomechanics (The International Caving Study I, 1997-2000). University of 

Queensland, JKMRC Monograph Series in Mining and Mineral Processing, Vol. 3. Indooroopilly, Australia: 
JKMRC. 

Brummer, R.,K., Li., H., Moss, A. (2006) The Transition from Open Pit to Underground Mining: An unusual Slope 
Failure Mechanism at Palabora, In International Symposium on Stability of Rock Slopes in Open Pit Mining and 
Civil Engineering, Victoria and Alfred Waterfront, Cape Town, 3-6 April 2006, The South African Institute of 
Mining and Metallurgy, Symposium Series S44, pp 411-420. 

Glazer, S.,N., and Hepworth, N., (2004) Seismic Monitoring of Block Cave Crown Pillar – Palabora Mining Company, 
RSA, In MassMin 2004 Proceedings, (eds. Karzulowicz K. and Alfaro M.,A.),  Minera Chilena, Santiago, Chile, 
pp 565-569. 

Glazer, S.,.N., and Hepworth, N., (2005) Seismicity Induced by Cave Mining, Palabora Experience, In Sixth 
International Symposium on Rockbursts and Seismicity in Mines Proceedings, (eds. Potvin, Y. and Hudyma  M.) 
Australian Centre for Geomechanics, pp 281-289.  

Moss, A., Russell, F., and Jones, C. (2004) Caving and Fragmentation at Palabora: Prediction to Production In MassMin 
2004 Proceedings, (eds. Karzulowicz K. and Alfaro M.,A.),  Minera Chilena, Santiago, Chile, pp 585-590 

Moss, A., Diachenko, S., and Townsend, P., (2006) Interaction between the Block Cave and the Pit Slopes at Palabora 
Mine, In International Symposium on Stability of Rock Slopes in Open Pit Mining and Civil Engineering, 
Victoria and Alfred Waterfront, Cape Town, 3-6 April 2006, The South African Institute of Mining and 
Metallurgy, Symposium Series S44, pp 399-409 

Rorke, A., J. and Brummer, R., K. (1990) The use of explosives in rockburst control techniques. In Rockburst and 
Seismicity in Mines (ed. C. Fairhurst), Balkema, Rotterdam, pp 377-385. 

Spottiswoode, S.M. (1990), Volume excess shear stress and cumulative seismic moment. In Rockburst and Seismicity in 
Mines (ed. C. Fairhurst), Balkema, Rotterdam, pp 39-43.  



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Characterizing caving induced seismicity at Ridgeway gold mine 

M. Hudyma  Itasca Consulting Canada Inc., Canada 

Y. Potvin  Australian Centre for Geomechanics, Australia 

 

Abstract 

Sublevel caving was initiated at the Ridgeway Gold mine in May 2000. A seismic system was used to monitor 
the progression of the cave. Several thousand seismic events were recorded as caving progressed to surface 
through more than 500 metres of cover rock. This paper discusses the results of the seismic monitoring, 
specifically addressing differences in seismicity and seismic source parameters during caving, as well as for 
a major geological feature which was activated as a result of the cave propagation. 

1 Introduction 

1.1 Ridgeway Gold Mine, geological and geotechnical environment  

Ridgeway Gold Mine is a sublevel caving mine located in the Cadia Valley, 25 kilometres south of Orange, 
New South Wales, Australia. The mine is extracting a 42 million tonne copper, gold reserve containing 2.4 
g/t Au and 0.75% Cu. In May 2000, a sublevel cave was initiated on the 5330 level, approximately 560 
metres below ground surface. The cave broke through to surface in September 2002. The footprint of the 
cave was approximately 180 metres by 230 metres in size. 

There are three principal geotechnical domains above the Ridgeway orebody. The most competent domain is 
the peripheral host rock surrounding the copper and gold mineralisation. This is composed predominantly of 
sheeted and stockwork quartz veining in a monzonitic intrusive (Pfitzner, 2003). Overlying the peripheral 
host rock is the less geotechnically competent volcanic Caprock domain, followed by a much weaker 
volcanic Near Surface Caprock sequence of Tertiary basalt, paleosoils and highly fractured Ordovician 
volcanics. Rockmass quality (RMR) varies from 63 to 75 (good) in the Peripheral host rock, 54 to 66 (fair-
good) in the volcanic Caprock, and 43 to 56 (fair) in the Near Surface Caprock (Trifu et al., 2003). 

Structurally, the domains are complex with numerous steep dipping minor faults, with infilling varying from 
tight to clay-gouge filled. In addition, there are more massive intrusions of monzonite, monzodiorite and 
pyroxene/feldspar porphyry, with variably sheared contacts. There are also a few mine-wide structural 
features. The North Fault is a steeply dipping 1-metre wide clay-gouge structure that forms a boundary to 
mineralisation in the upper levels of the mine. Rimmer’s Fault is a near vertical feature located south-east of 
the orebody, but not intersecting the orebody. A large, low angle, north dipping thrust fault located at the 
5280 Level offsets the Rimmer’s Fault. 

1.2 Instrumentation and Seismic Monitoring System 

The Ridgeway cave was monitored from surface via a series of conventional monitoring techniques and an 
eleven sensor microseismic monitoring system. Four holes were drilled into the rockmass above the 
Ridgeway cave footprint to monitor cave progression. Originally these holes were monitored with open hole 
plumbing and a borehole camera. In July 2002, as caving approached surface, Deep Hole Subsidence 
Extensometers were installed in two of the holes. Pfitzner (2003) discusses the conventional monitoring at 
Ridgeway in more detail. Four holes were drilled outside the expected cave footprint, with three A3003 
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triaxial accelerometers installed in a staggered pattern at depths of approximately 90 metres, 200 metres and 
500 metres in each hole (Trifu et al., 2003). One of the triaxial accelerometers malfunctioned on installation 
leaving an array of eleven sensors to monitor the cave. The source location error was estimated at between 2 
and 4 metres for two-thirds of the recorded seismic events (Trifu et al., 2003). 

2 General monitoring results 

2.1 Daily Event frequency 

The daily seismic event frequency from June 2001 (the start of caving) to December 2002 (just after cave 
breakthrough) is shown in Figure 1. From July 2001 to January 2002, there were extended periods in which 
no seismic events were located primarily due to seismic system operational issues. The seismic record 
starting in January 2002 is virtually complete.  

 

Figure 1 Number of event per day recorded by the Ridgeway microseismic seismic monitoring 
system. 

The largest number of events recorded per day was 133 on March 24, 2002. A 30-day moving average shows 
a maximum of about 30 events per day in March and April 2002, reducing to less than 10 events per day 
after the cave broke through to surface in September 2002. 

2.2 Frequency-magnitude analysis 

Work done by the Australian Centre for Geomechanics with ESG microseismic monitoring systems in 
Western Australia mines found that the local (triaxial) magnitude is approximately one order of magnitude 
less than a Richter magnitude (Hudyma, 2004). So a local magnitude –1 on and ESG system is 
approximately Richter magnitude 0. 

More than 5000 seismic events were recorded in the period between January 2002 and the end of December 
2002. The data is plotted on a frequency-magnitude chart in Figure 2 (left). The data suggests that the 
seismic record is complete to about local magnitude –3.5. More than 1000 seismic events were recorded in 
the time period between January 2003 and December 2003. The data is plotted on a frequency-magnitude 
chart in Figure 2 (right). The data suggests that, during this period, the seismic record is complete to local 
magnitude –2.8. The decrease in seismic system sensitivity between data collected from 2002 to 2003 is 
attributed to blinding of some of the sensors by the cave void. 
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Figure 2 Frequency-magnitude relation for seismic data in 2002 (left), and for seismic data in 
2003 (right). 

2.3 Zones of seismic activity 

2.3.1 Event location 

The events of interest in understanding the cave initiation and propagation occurred in 2002. Figure 3 (left) 
shows the location of the events that occurred in 2002, projected onto the top mine sublevel on 5330 mRL. 
There are three primary zones of seismic activity: within the orebody, in the immediate footwall to the south 
of the orebody, and along Rimmer’s Fault (near the south-east corner of the orebody). All of the events in 
2002 have been spatially grouped in these three zones, as shown in Figure 3 (right). These zones of events 
were defined purely by location, however, it is evident that the zones were also distinct with regard to event 
timing and seismic source parameters. 

 

Figure 3 Plan location of seismic events at Ridgeway in 2002 projected onto the 5330 Level (left), 
and the location of three primary zones of seismic activity (right).  
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2.3.2 Frequency-magnitude by zone 

The unique failure mechanism associated with each zone is indicated by the different curves and b-values 
shown on the frequency-magnitude graph (Figure 4). The data for the charts are summarized in Table 1. 
Along Rimmer’s fault, the largest seismic event recorded was local magnitude –0.2, with a b-value of 0.7. A 
low b-value is typical of seismicity as a result of slip on large geological structures (Legge and 
Spottiswoode, 1987). Inside the orebody zone, the largest event recorded is local magnitude +0.2. The b-
value for this population of events is 0.9, which is a more typical b-value for a large multi-mechanism 
population of events. Inside the footwall zone, the largest event recorded was local magnitude –2. The b-
value of 1.3 is quite high, and is more typical of volumetric stress fracturing related seismicity. The x-
intercept of the frequency-magnitude relation for each zone (a/b) is also in Table 1. The largest event from 
the Rimmer’s Fault and Footwall zones is slightly less than a/b, which is typical of most populations of 
seismic events. However, there is a single large event (local magnitude +0.2) in the Orebody zone that 
substantially exceeds the largest expected event for that population. 

 

Figure 4 Event frequency-magnitude relation for seismic events in each zone at Ridgeway. 

Table 1  Frequency-magnitude data for the three main zones of seismicity at Ridgeway 

 Number of 
Events 

b-value Largest 
Event 

a/b 

Rimmer’s Fault 2836 0.7 - 0.2 + 0.3 

Orebody 2156 0.9 + 0.2 - 0.7 

Footwall 797 1.3 - 1.6 - 1.5 

2.3.3 Temporal variations in event magnitude 

Magnitude-time history analysis (plotting of event magnitude changes over time) can be particularly 
insightful in understanding the seismic response to mining, giving indications of both seismic hazard and 
seismic source mechanism. In a magnitude-time history chart, each seismic event is plotted chronologically, 
and the cumulative number of events is shown as an incremental line corresponding to the secondary y-axis. 
The slope of the cumulative number of events line is analogous to seismic event rate, and indicates how the 
seismic event rate changes over time. Magnitude-time history charts provide several valuable pieces of 
information about a population of seismic events.  
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• The cumulative number of events indicates the processes that are driving the rockmass failure. 
“Step-wise” behaviour of the cumulative number of events is an indication of a strong rockmass 
response to blasting. A constant sloped line is an indication that seismicity is not triggered directly 
by mine blasting, which is commonly the case for fault-slip or structurally related seismicity. 
Changes in slope are indications of a change in the rate of the rockmass failure process. 

• The timing of the largest events in the population shows changes in seismic hazard. If the largest 
event increases over time, the dimensions of the rockmass failure at the seismic source may be 
increasing in size, or the mining/geological influence triggering the seismicity may be increasing. 

• The occurrence of the largest events compared to changes in seismic event rate indicates whether 
mine blasting is directly triggering the larger events. For structurally controlled seismicity, the 
largest events may not occur at the same time as the majority of events. The number of large events 
gives an indication of the rockmass damage potential of the seismicity, and is analogous to seismic 
hazard. Essentially, a magnitude-time history chart gives a chronology of the rockmass failure 
process. 

Magnitude time histories for the seismic events in the Rimmer’s fault, orebody, and footwall zones are 
shown in Figure 5.  

 

Figure 5 Magnitude time history of the seismic events of the three seismically active zones at 
Ridgeway in 2002. 
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There are distinct behaviours in the magnitude-time history of each zone of events at Ridgeway. The seismic 
events along Rimmer’s fault occur at a relatively continuous rate, from the start of the continuous seismic 
record in February 2002, gradually decreasing after cave breakthrough (Figure 5a). The constant rate of 
events for the first 8 months of 2002 is characteristic of seismicity along geological structures, in which there 
is no significant influence of nearby mining on the rate of occurrence of events on the fault. The rate of 
larger events (local magnitude ≥ -1) is also relatively constant at 1 to 3 events per month between February 
2002 and September 2002, decreasing only after the cave breakthrough in September 2002. 

In the orebody, the rate of events is originally closely related to production rate within the cave (Figure 5b). 
A temporary decrease in production from 3500 tonnes per day to 2000 tonnes per day) in the last two weeks 
of February 2002 is coincident with a decrease in event rate. Production increases in early March to more 
than 5000 tonnes per day, resulting in an accelerating event rate. The largest events and the highest event rate 
occur in late March 2002. This period is interpreted as the onset of cave propagation. Starting in April 2002, 
the rate of events slowed dramatically and the size of the seismic events decreased substantially. Only one 
event larger than local magnitude –2 was recorded in the orebody after April 2002, while there were more 
than 20 events of this size or larger before April 2002. From June 2002 to September 2002, there was a 
further decrease in the seismic event rate as the cave propagated into the weaker volcanic Caprock 
geotechnical domain, with few events recorded larger than local magnitude –3. At this stage, gravity induced 
failure was likely the dominant rockmass failure mechanism. 

In the footwall of the orebody, the event rate is low and continuous from March to May 2002 (Figure 5c), 
showing no significant reaction to changes in cave production rate. There is a substantial increase in the 
seismic activity rate starting in mid-May 2002, at the same time that the orebody event rate decreases. The 
number of events and the magnitude of events recorded is now bigger than being recorded in the orebody. 
This increase in footwall seismicity is interpreted as stress shedding from the cave to the abutments that is 
believed to occur during cave propagation (Butcher, 2003). The event rate in the footwall remains constant 
until cave breakthrough (September 2002), then decreases significantly. 

2.3.4 Identifying an orebody seismogenic zone 

Temporal analysis of the location of events within the orebody reveals a relatively tight zone of seismic 
events above the orebody cave, similar to the zone observed at the Northparkes block cave (Duplancic, 
2001). This seismogenic zone is arch shaped, peaking in near the centre of the orebody. The zone was 
typically 20 metres in vertical extent. There was no obvious gradation of event magnitude vertically or 
laterally within the seismogenic zone. From November 2001 to June 2002, the location of the seismogenic 
zone could be accurately interpreted using one to two weeks periods of seismic data. After June 2002, the 
low number of seismic events and the high rate of caving made it difficult to identify a clear seismogenic 
zone.  

The location of the seismogenic zone for the middle of the cave (near observation hole CR048) and on the 
north side of the cave (near observation hole CR049) were compared to hole plumbing and borehole camera 
information (Figure 6). Some important observations can be drawn from the hole plumbing data and the 
analysis of the seismogenic zone. For the period from October 2001 to June 2002, the top of the seismogenic 
zone corresponded well with hole cut-offs detected by hole plumbing (Figure 6). A borehole camera was 
lowered down observation holes, with the hole surveys ending when the hole had sheared and was no longer 
passable. The borehole camera found new rockmass fracturing, and hole shearing correlated well with the 
top of the seismogenic zone identified by seismic events. At Ridgeway, it would not have been possible to 
identify and track movement of the seismogenic zone without a substantial seismic history of events smaller 
than local magnitude –3. From late November 2001 to mid March 2002, the apex of the cave (as determined 
by hole plumbing of observation hole CR048) moved approximately 25 metres, or approximately 0.25 
metres per day. During this time, the north side of the cave moved less than 5 metres. Starting on March 18, 
2002 there was a significant increase in the occurrence of seismic events in the apex of the cave, culminating 
with a local magnitude +0.2 seismic event on March 23, 2002. This was the largest seismic event recorded 
on the Ridgeway seismic monitoring system (the event is circled in Figure 5b). Following the large seismic 
event, the rate of orebody seismic events decreased significantly, and the rate of movement of the cave 



 

 937

(determined by hole plumbing and the seismogenic zone) increased to approximately 1.2 metres per day, 
approximately 5 times greater than in the initial stages of caving. The changes in seismicity in the cave in 
late March 2002 are interpreted onset of cave propagation. The RL (elevation) of transition correlates to the 
location of the geological contact between the Peripheral Host Rock and the weaker Caprock geological 
domains. No significant seismic activity was recorded near the weak North Fault structure. Based on 
observation hole data, the apex at the centre of the seismogenic zone was generally about 30 metres higher 
than the seismogenic zone on the north side of the cave. This lag on the north side of the orebody suggests 
that the North Fault played no significant role in the propagation of the cave between November 2001 and 
June 2002. 

 

Figure 6 Comparison of the hole plumbing data with the middle of the seismogenic zone. 

2.3.5 Source mechanism 

The predominant seismic source mechanisms were investigated for each of the zones of seismicity at 
Ridgeway using S:P energy ratio analysis. Past research has found that the ratio of S:P energy for a seismic 
event is a good indicator of seismic source mechanism (Gibowicz et al., 1992). Events with a high S:P 
energy ratio (S:P>10) are typically associated with shearing along existing geological features (Boatwright 
and Fletcher, 1984). Events with a low S:P energy ratio (S:P<3) are more commonly related to stress 
fracturing or volumetric fracturing failure mechanisms (Hudyma, 2004; Urbancic et al., 1992). Duplancic 
(2001) also found that shear-related caving events had high ratios of S-wave to P-wave energy. Events with 
an S:P energy ratio near one have been found to be associated with tensile seismic source mechanisms (Sato, 
1978). 

A scatterplot of the S energy versus P energy for events in the orebody zone in 2002 is shown in Figure 7. A 
number of observations can be drawn from this chart. There is relatively little variation in S:P energy for the 
data. This is somewhat surprising considering the events include the major seismicity changes in caving rate. 
There is a relatively low quantity of shear events (S:P>10) and very few tensile events (S:P~1). Shearing and 
tensile failure were expected to be common failure mechanisms in the cave. S:P energy ratio analysis would 
suggest that shearing and tensile failure played a relatively small role in the cave. Figure 7(a) shows a clear 
scale dependence of S:P energy ratio with event size. As events get larger, there is a relatively higher 
proportion of S-wave energy. Figure 8a shows the cumulative frequency of S:P energy ratio for all of the 
events in 2002. The scale dependence of S:P energy ratio is consistent for the orebody, footwall and 
Rimmer’s fault seismic zones. 
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Figure 7 Scatterplot of the S energy and P energy of events in the orebody zone. 

a
   

b
 

Figure 8 On the left 8(a), the cumulative frequency of S:P energy ratio for various magnitude 
ranges of Ridgeway seismic data collected in 2002. On the right 8(b), the distribution of 
S:P energy ratio by seismic zone. 

Figure 8(b) contrasts the cumulative frequency of S:P energy for each of the three zones of seismicity at 
Ridgeway. Surprisingly, the Rimmer’s fault events had the lowest median S:P energy ratio of the three 
zones, with less than 5% of the events having an S:P energy ratio greater than 10. The footwall zone had 
25% of the events with an S:P energy ratio of greater than 10. When investigating only the larger seismic 
events in each zone (local magnitude ≥ -3), the conclusions of the S:P energy ratio were unchanged. The 
footwall event had the highest S:P energy ratio, while Rimmer’s Fault had, comparatively, the lowest S:P 
energy ratio. These results suggest that the Footwall events were more shear related than the other zones of 
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the mine, and that the predominant seismic source mechanism near Rimmer’s Fault was crushing and stress 
fracturing rather shear along the feature. 

2.3.6 Level of stress in the seismicity at Ridgeway 

Apparent stress is a model independent measure of the stress change associated with an event (Mendecki and 
van Aswegen, 2001). From a practical application perspective, higher stress regions of a mine tend to release 
more seismic energy and tend to have relatively lower amounts of deformation due to higher confining 
stress, resulting in higher apparent stress seismic events (Simser et al., 2003). It was also observed that lower 
apparent stress events were often found in lower stress areas, or areas that have shed load due to general 
rockmass fracturing and failure (Simser et al., 2003). At Palabora, apparent stress was used to identify areas 
of high stress associated with block caving related seismicity (Glazer and Hepworth, 2006). 

The apparent stress of seismic events is compared for the orebody, footwall and Rimmer’s fault zones in 
Figure 9. Observations from Figure 9 include: apparent stress is clearly higher for events on Rimmer’s fault, 
with the footwall events having slightly higher apparent stress compared to the orebody events.  

 

Figure 9 Frequency distribution of apparent stress in the three regions of seismic events at 
Ridgeway.  

Apparent stress is a scale dependent parameter, so the higher apparent stress near Rimmer’s Fault is likely 
due to the proportion of larger events near Rimmer’s Fault.  

A parameter termed energy index (EI) has been proposed as a scale independent measure of stress acting at 
the source of a seismic event (van Aswegen and Butler, 1993). For a population of events there is a 
logarithmic relation between the seismic energy released and the seismic moment of events. Energy index is 
defined as the relative amount of energy release for a seismic event compared to the amount of energy that 
would be expected for an event of that size (moment). An EI of more than one signifies that more energy has 
been released with the seismic event than expected. An EI of less than one signifies that less energy has been 
released than expected.  

Spatial analysis of variations in EI at Ridgeway provides interesting information about the level of stress 
acting near the cave. There is a much higher EI in the middle of the cave (near the cave apex) than on the 
sides of the cave. This is interpreted as a higher level of induced stress acting in the apex of the cave. A 
higher level of EI was also observed in the apex of the block cave at Northparkes (Chen, 1998). 
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Temporal variations in EI reveal global tends in stress change during the Ridgeway cave operation (Figure 
10). In the orebody, there is no significant trend in stress (EI) from in February and early March. In March 
2002, there is a rapid increase in EI occurring during the onset of cave propagation. There is another 
temporary increase in EI in late April and early May 2002, with the EI trend remaining relatively constant 
after May 2002. In the footwall, there is no substantial seismicity until May 2002. In late May, EI increases 
in the footwall as stress is shed from the orebody to the footwall.  

 

Figure 10 Variation in energy index for the orebody seismic events (top), and the footwall seismic 
events (bottom). 

3 Discussion and Conclusions 

3.1 Rockmass behavior at Ridgeway Gold Mine 

The microseismic history at Ridgeway combined with production and simple conventional monitoring data 
provided insight into the understanding of the caving mechanisms of this sublevel caving mine. The 
microseismic data set was divided into three domains, the orebody, the Rimmer’s fault and the footwall area, 
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exhibiting different mechanisms. These differences are reflected in the b-values, S:P ratios, and time 
histories of the individual data sets.  

In the orebody, seismicity concentrates in the apex of the cave, occurring at very high event rates during cave 
initiation in the peripheral host rock domain. Once cave propagation starts into the weaker caprock 
geological unit, the rate of detectable events and the magnitude of the events drops dramatically (Figure 5b). 
In the footwall zone, the microseismic event rate was very low until cave propagation started. The events 
were much smaller in magnitude that the orebody cave initiation events. The rate and magnitude of events on 
Rimmer’s fault was very consistent throughout caving. The Rimmer’s fault event rate only started to 
decrease appreciably when the cave broken through to surface. This suggests that the seismicity occurring 
along Rimmer’s fault was not greatly influenced by the caving rate in the orebody. There is a slight increase 
in the rate of events near Rimmer’s fault during the onset of cave propagation in late March 2002. However, 
there is no discernible change in the rate of seismicity in May 2002, in contrast to the significant increase in 
seismicity recorded in the footwall region. 

Seismic source mechanism can be inferred from the b-value of frequency-magnitude analysis (Legge and 
Spottiswoode, 1987) and from analysis of S:P energy ratio (Urbancic et al., 1992). The population of events 
near Rimmer’s Fault has a relatively low b-value of 0.7, which is typical of seismicity associated with faults. 
The footwall events have high b-value of 1.3, which is more typical of stress fracturing seismic source 
mechanisms . Analysis of the S-wave to P-wave energy in the event for each zone did not support the 
frequency-magnitude conclusions. The footwall events tended to have a higher S:P energy ratio compared to 
the orebody. The Rimmer’s fault events had significantly lower ratio of S-wave to P-wave energy than the 
other two areas. In addition, the S:P energy ratio for events from all three zones showed a clear scale 
dependence, complicating the analysis. Based on the S-wave to P-wave energy of the orebody seismic 
events, the caving failure mechanism at Ridgeway was predominately non-shear. There was no significant 
change in S:P energy for the orebody events as the cave progressed. 

Energy index was used to investigate the level of stress in the orebody population of seismic events. It was 
found that energy index was higher near the apex of the cave, in the middle of the orebody. Changes in the 
level of stress over time were investigated with time history analysis of energy index (instability analysis). 
There was an increase in energy index in the orebody events during the transition from cave initiation to cave 
propagation. There was also an increase in energy index as seismicity increased in the footwall of the 
orebody, presumably due to stress being shed away from the orebody during cave propagation in the 
orebody. 

3.2 Caving and related seismicity in the Ridgeway Orebody 

Caving in the Ridgeway orebody generally followed the cave model suggested by Duplancic (2001), 
containing multiple zones, namely the caved zone, the zone of loosening, the seismogenic zone, and the 
pseudo-continuous domain. From the temporal variation of event magnitudes overlaid with production data, 
it is believed that cave propagation occurred at Ridgeway in late March 2002. The rate of caving accelerated 
from an average of 0.2 metres per day during initial caving, to more than 1 metre per day during cave 
propagation. Movement of the seismogenic zone in the stronger Peripheral Host Rock unit could be 
accurately mapped using locations of microseismic events. Rockmass failure and caving in the weaker 
Caprock unit was virtually aseismic, with few events and no identifiable event concentrations or trends. 
There was also virtually no seismic activity recorded on the north fault (the northern bound of the cave). 
During cave propagation, there was a substantial increase in the rate of seismic events in the footwall to the 
south of the orebody. This activity subsided when the cave broke through to surface. This seismicity is 
interpreted as a global stress shedding into the surrounding rockmass as cave propagation occurs, as 
suggested by Butcher (2003). 

In the cave, there were only 4 events recorded larger than Richter 0 (local magnitude –1). To adequately 
monitor the seismogenic zone at Ridgeway, a complete seismic record for events larger than Richter –2.5 
(local magnitude –3.5) was required. The seismic system sensitivity decreased considerably as the cave void 
blinded seismic sensors.  
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Abstract 
A volume of approximately 1000 x 1500 x 1000 m within the eastern wall of Chuquicamata open pit mine is 
monitored by a 36-channel microseismic system that includes 9 triaxial and 9 uniaxial 15 Hz omni-
directional geophones. A total of 886 seismic events with moment magnitudes between -1.2 and 1.4 have 
been recorded and located to an average accuracy of 28 m from mid December 2006 to end March 2007. 
Frequency-magnitude distribution exhibits a b-value of 1.3, suggesting the failure process is characterized 
by a three- rather than two-dimensional behaviour within the rockmass. The largest seismic event had Mw 
1.4 and occurred on February 10, 2007. Apparent stress estimates were lower than expected during an 
entire month leading to this event. To improve the accuracy of relative event locations, joint locations are 
evaluated using the collapsing and double-difference techniques. The results of the collapsing algorithm 
indicate that local geological structures are seismically active, with most of the seismicity occurring in two 
narrow bands located just inside the eastern wall, approximately parallel to its face.. 

1 Introduction 
Despite the fact that seismic monitoring of underground mines has been employed for over 30 years, the 
application of this technology for the monitoring of open pit mines is relatively recent. The first successful 
application dates from the spring of 2002, when Cripple Creek and Victor mine operated by Anglo Gold in 
Colorado installed an 8-channel Hyperion system manufactured by ESG to monitor a volume of ~ 200 x 200 
x 200 m during the wall retreat. The system assisted the mine personnel to quickly identify when a sill 
behind the wall face became seismically active and then incorporate this information into the planning of the 
subsequent mine development. 

Located near the city of Calama, at the western edge of the Atacama desert, more than 1200 km north of 
Santiago (Chile), Chuquicamata is the largest copper open pit mine in the world. Mining of this deposit 
began in 1915. The mine is presently operated by Codelco Norte, a division of Codelco Chile. In 2006, the 
mine decided to implement a seismic system in order to monitor the eastern wall. The goal was to study the 
general correlation between occurred seismicity, major geological features, and general mining activity, 
which could affect both present operations and strategic mine planning. 

The scope of the present study is to document the results obtained during the seismic monitoring at 
Chuquicamata from mid-December 2006 until the end of March 2007. This includes a presentation of the 
seismic array, the analysis of event distribution and seismic source parameters, as well as the relocation of 
seismicity using joint relocation techniques. 

2 Seismic array  
Uniaxial and triaxial 15 Hz omni-directional geophones were employed for this application. The sensor array 
design took advantage of the presence of underground tunnels within the eastern wall, which allowed the 
placement of geophones at different depths. To increase the three-dimensional aperture of the seismic array 
three 250 m long boreholes were drilled from surface and two 200 m long boreholes were drilled on each of 
two underground levels. The sensor array totalled 9 triaxial and 9 uniaxial geophones and was expected to 
provide an event location accuracy of 30-40 m over the central monitoring volume. Figure 1 shows the type 
and location of these geophones in a cross section and plane view. 
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Figure 1 Seismic sensor array: (a) cross section; (b) plane view. Each sensor component is shown 

as a cylinder. 

Seismic signals were transmitted through copper cables from geophones to the ESG’s Paladin data recorders, 
which include pre-amplification and 24-bit resolution A/D conversion. Each Paladin is a web enabled device, 
with its own IP address, capable to provide continuous and/or trigger-based data acquisition. For this 
application, data acquisition was carried out at 5 and 20 kHz sampling for signals originating from 
geophones installed in boreholes drilled from surface and underground, respectively. 

For the Paladins installed on surface, data communication is ensured via radio Ethernet to a unique network 
acquisition PC located at the portal of the underground tunnel, situated at approximately mid-depth of the 
open pit. Since the portal lies on the eastern wall, just below the monitoring area, radio communication 
required a radio Ethernet relay on the opposite wall. For the underground Paladins, Ethernet data 
communication to the acquisition PC was done over fibre optic cable. Time synchronization was ensured 
using GPS controlled time stamping with accuracy better than 1 microsecond. The acquisition and 
processing PC, running Microsoft Windows, was connected to the mine LAN and had Internet access, thus 
allowing data to be simultaneously received and processed at ESG’s offices in Canada. 

3 Event location and source parameters 
The seismic system identified and located 1162 events that occurred between December 14, 2006 and March 
31, 2007. Of these, 276 events were blasts and 886 seismic events. Example waveforms for a blast and 
seismic event are presented in Figures 2 and 3, respectively. Red-only seismic signals correspond to uniaxial 
geophones, whereas superimposed red, green and blue signals to triaxial geophones (all three components of 
one geophone are presented on one single trace).  

(a) 

(b) 
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Figure 2 Example waveforms with duration of 2 s for a production blast. 

 

 

Figure 3 Example waveforms with duration of 1.3 s for a seismic event occurred January 25, 
2007, at 02:43:45. Triaxial recordings are shown with different colours on the same 
trace (top). P, SV and SH arrivals are identified using wave polarization for trace no. 7 
(bottom). 

The presence of triaxial sensors in the array allows for waveform polarization analysis. This reduces the 
uncertainties in P- and S-wave identification and arrival time picking. Worth noting, since errors in borehole 
orientation and shifting effects during sensor grouting can affect the accuracy of actual sensor orientation. 
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Thus, polarization analysis additionally allows for an independent checking of the orientations of these 
sensors in boreholes. Registered waveforms from blasts with known locations are employed to calculate 
expected polarization of the incidence wave at each triaxial sensor. Direction cosines that define sensor’s 
orientation are estimated from the orthogonal matrix that provide best least square fit of observed linear 
polarization for the radial component (P-wave) of the signal (Kabsch, 1976). The above matrix can also be 
obtained using the minimization of quaternion rotations (Coutsias et al., 2004). In addition to these, we also 
considered that optimal sensor orientation can be found under the assumption that the direction of one of the 
sensor axes coincides with the borehole direction, based on the so-called Rodrique’s formula (Simon, 2005). 
The application of all three methods resulted in the retrieval of the sensor orientations to within ±3°. 

Seismic events were located using mostly automatic picks, with P-wave picking based on STA/LTA (short / 
long term energy average) window statistics and S-wave picking employing a combination of a modified 
version of Cichowicz (1993) approach and energy jump criteria for uniaxial sensors. Only approximately 
20% of all picks were manually reprocessed. Spatial distribution of seismic events and blasts is shown in 
Figure 4. Event location employed L1 norm Simplex minimization (Press et al., 1989), with the location 
error defined as the squared root of the sum of squared standard deviations in each spatial coordinate. 
Seismic events are generally located to accuracy better than 60 m, with an average location error of 28 m 
(Figure 5). Larger location errors for blasts are due to lack of S-wave picks. 

 

Figure 4 Distribution of seismic events (blue dots) and blasts (brown dots). 
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Figure 5 Event location accuracy for seismic events (light grey) and blasts (dark grey). The fit to 
a Gaussian distribution has a mean of 28 m and a standard deviation of 14 m. 
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Frequency-magnitude distribution of the seismic events outlines a b-value of 1.3 between Mw -0.7 and 1.2 
(Figure 6). This indicates that the fracture process does not take place only on failure planes, but tends to 
spread within the monitoring volume (D = 2b or 2.6). Note how close the truncated seismic moment 
distribution (Kagan and Jackson, 2000) and linear regression fit the data over close to two magnitude units. 
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Figure 6 Cumulative frequency-magnitude distribution of the seismic events exhibits a linear 
trend within a wide moment magnitude range. Red curve is the truncated distribution 
fit.  

The largest seismic event (Mw 1.4) occurred on February 10, 2007. Figure 7 shows that for about a month 
prior to this event the rate of cumulative seismic energy was significantly lower than that of cumulative 
seismic moment. Since the ratio of seismic energy to moment is proportional to apparent stress, the above 
result implies that during the respective period of time seismicity was dominated by events with lower 
apparent stress. Starting approximately January 15, a slight increase in the rate of explosives employed on 
site is also apparent. Note that source parameters were estimated using time integrals of squared 
displacement and velocity (Trifu et al, 2000) and cumulative distributions include all seismic events occurred 
over the monitoring time, not only those around the large event of February 10. Further detailed investigation 
is thus required to conclude whether the above observation is indicative of a precursory phenomenon.  
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Figure 7 Cumulative seismic energy (red line), seismic moment (blue line), and amount of 
explosives used for both production and development blasts (black line). 
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4 Event relocation analysis 
In order to provide a closer association of observed seismicity with pre-existing structures, two relocation 
algorithms were tested: collapsing and double-differences. The former technique, developed by Jones and 
Stewart (1997), considers that the location error distribution of joint seismic source locations whose 
individual location errors are normally distributed should follow a χ² distribution. Thus, it is possible to move 
each event location within its ellipsoid of uncertainty and optimize the movement of individual events to 
comply with the χ² distribution.  

Figures 8 and 9 present the distribution of collapsed seismic events compared with the original event 
locations. Geological domains are described by Torres et al. (1997). Some clustering trends are easily 
apparent in the joint relocation of seismicity. Plane view and cross section representations show that most of 
the seismic events tend to occur in two narrow bands running just inside the wall, approximately parallel to 
the eastern wall face.  

 

 

Figure 8 Plane view distribution of event locations using (a) standard absolute location and (b) 
relative location employing a collapsing technique. 

(a) 

(b) 
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One of these bands lies a little below the mid-depth of the pit, whereas the other band just below the pit 
bottom. The presence of a dense network of faults within the eastern wall renders the direct association 
between occurred microseismicity and these faults a rather difficult task. However, the tight grouping 
exhibited by the relocated event distribution shows very good promise for subsequent analysis that may 
eventually outline active faulting. 

 

 

Figure 9 East trending cross section of event locations using (a) standard absolute location and 
(b) relative location employing a collapsing technique. Scale is similar to that in Figure 
8. 

The second joint relocation algorithm carries out a simultaneous minimization of residuals for pairs of 
sources. For events in close proximity to each other, the ‘double difference’ method considers that the 
difference in arrival times is affected only by the constant velocity to an average location (Waldhauser and 
Ellsworth, 2000). This allows for a system of linear equations with respect to changes in location coordinates 
and origin times that links the differences in arrival times at each sensor for a pair of events. Although the 
idea of eliminating ray path complexities and using relative information provided by combination of event-
pairs in a cluster of events looks promising, the results in practice are strongly depended on data selection 
and weighting. A scrupulous data evaluation is required through re-weighting and filtering throughout the 
iterative process. Note that for a couple hundred events the system matrix for the current application has 
about a thousand columns and tens of thousands of rows. Solving such a system of equations requires a 
noticeable amount of computer time. Solution is derived iteratively, and 5-10 iterations are necessary 
regardless of the actual inversion methodology employed (single value decomposition or conjugate gradient). 

To meet the linearity assumptions, only events located relatively far from the array were considered, for 
which the inter-distance between event pairs is smaller than the distance from the events to sensors. Figure 
10 and 11 compare the results using the double-difference algorithm with original event locations for a 
subset of 145 events located below the pit floor. 

(a) 

(b) 
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The results seem to indicate the presence of a slightly more elongated distribution, which tends to suggest a 
link between the seismicity and some underling structures. At the same time, however, the presence of some 
outliers is apparent. 

 

 

 Figure 10 Plane view distribution of event locations using (a) standard absolute location and (b) 
relative location employing the double difference technique.  

(b) 

(a) 
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Figure 11 East trending cross section of event locations using (a) standard absolute location and 
(b) relative location employing the double-difference technique. Scale is similar to that 
in Figure 10. 

5 Conclusions 
A seismic array consisting of 9 triaxial and 9 uniaxial 15 Hz omni-directional geophones was installed to 
monitor the east wall of Chuquicamata open pit mine. Continuous 24-bit data acquisition was carried out at 5 
and 20 kHz sampling frequency for the subsurface and underground geophones, respectively, employing 
radio and fibre optic Ethernet communication. Between December 14, 2006 and March 31, 2007, a total of 
886 seismic events (Mw -1.2 to 1.4) were identified and located within average accuracy of 28 m. The slope 
of the frequency-magnitude distribution (b-value) is 1.3, indicating that the fracturing process tends to spread 
within the wall rockmass. The largest seismic occurred on February 10, 2007 and had Mw 1.4. For a month 
prior to this event, seismicity was characterized by low apparent stress values, while the rate of blast 
explosives employed at the mine increased slightly. 

Individual event locations used mostly automatic first arrival picking. To improve the relative event location 
accuracy, two joint event location techniques were employed: collapsing and double-differences. The former 
algorithm allows the events to move within their ellipsoid of uncertainty and optimize their locations to 
comply with a χ² distribution, whereas the later performs a simultaneous minimization of residuals for pairs 
of events close to each other. The results indicate that the collapsing technique provides a noticeably tighter 
distribution of seismicity, characterized by several clusters. Most of the seismic events occur in two narrow 
bands running just inside the eastern wall, approximately parallel to its face.  

Further analysis will be focused on the use of joint event relocation results for a detailed association between 
the recorded seismicity, geological structures and the mining activity. Additionally, seismic moment tensor 
inversion will be applied to retrieve the fracture components of seismicity. This will enable the evaluation of 
the three-dimensional distribution of deformations and their evolution in time. 

(b) 

(a) 
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Abstract 
A procedure for locating seismic events in mines containing media with heterogeneous seismic wave 
velocities is described. Key aspects of the procedure are the calculation of travel times from a velocity model 
that has sharp velocity contrasts and the minimization of the location cost function over a complex solution 
space. Many conventional ray tracing algorithms are found to be ineffective at handling the velocity models 
encountered in mining environments and instead travel time calculation is performed using a second order 
Fast Marching Method to solve the Eikonal equation in three dimensions. Minimizing the location cost 
function was accomplished by using a combination of Differential Evolution, a global optimization 
algorithm, and Nelder-Mead optimization with multiple restarts. Tests were conducted using synthetic 
seismograms, generated using seismic dynamic modelling, as well as using seismic events with known 
location. The procedure has been successfully applied in block caving, open pit and tabular mining 
environments. 

1 Introduction 
Most modern seismological analysis techniques rely on the spatial distribution of seismic events (Mendecki, 
1997; Potvin and Hudyma, 2005), and so reliable event location is paramount. The process of locating a 
seismic event is usually formulated as an optimization problem (Mendecki and Sciocatti, 1997) where the 
optimum event location and origin time is searched for by minimizing the difference between observed and 
calculated P- and S-wave arrival times. A 4-D minimization function F – also called the residual – is 
constructed for each seismic event recorded by N sensors: 

 

 

where x is the source location vector in 3-D space, t0 is the origin time, ti
P is the P-wave arrival time at the ith 

sensor, τi
P is the calculated P-wave travel time from the source location to the ith sensor, etc. αi is unity for 

seismograms with accurate common time and clear P-wave arrivals, and zero otherwise. βi is unity for 
seismograms with accurate common time and clear S-wave arrivals, and zero otherwise. γi is unity for 
seismograms without accurate common time and with clear P- and S-wave arrivals, and zero otherwise. 

Traditionally a homogenous velocity model is assumed, with the resulting straight seismic wave paths, and 
travel times are simply calculated by dividing the Euclidean distance from source to sensor by the P- or S-
wave velocity.  This approximation works well if seismic wave velocities do not vary by more than a few 
percent across the mine. If the variances are greater then the straight ray assumption can lead to significant 
errors during location of seismic events.  

Block caving and open pit mining operations contain large voids and as a consequence media with strongly 
heterogeneous seismic wave velocities. In caving mines the variance of seismic wave velocities has been 
estimated at over 80% (Lynch & Lötter, 2007) while in open pit mines the variance between solid rock and 
air is over 90%. In these cases a more sophisticated method of calculating travel times becomes necessary, as 
the straight ray assumption is clearly invalid.  

While seismic ray-tracing has been discussed in connection with underground mines before (e.g. Dzhafarov 
1997), to the best of our knowledge it has never been used routinely in any mine around the world. In 

∑=
−−−+−−+−−=

N

i
p

i
s
i

p
i

s
ii

s
i

s
ii

p
i

p
ii0 xxttxttxtttx

1 00 ))()(()()()() ,F( ττγτβτα



 

 954

addition, we could not find any documented examples of the use of ray-tracing to locate significant numbers 
of micro-seismic events in underground or open pit mines. 

Ray-tracing in three dimensions is discussed in Section 2 of this paper, while the main results of the paper 
are contained in Section 4: applications of 3-D ray-tracing to a block cave mine, open pit mine and deep 
South African gold mine with a tabular ore body. 

2 Seismic ray-tracing in three dimensions 
Prior to the 1990’s travel time computation was primarily performed using either the bending or shooting ray 
tracing methods. Bending (Um and Thurber, 1987) iteratively adjusts an initial path between source and 
sensor until the travel time along the path has been minimized, while shooting (Julian and Gubbins, 1977) 
begins at the source and iteratively adjusts the propagation direction until the sensor has been reached, in 
much the same manner as early artillery guns hit their targets. While they are very accurate these methods 
exhibit a lack of robustness when applied to models with sharp velocity contrasts: they may fail to converge 
or converge to an incorrect solution.  

Computing first arrivals by solving the Eikonal equation on a gridded velocity field using a finite difference 
scheme (Vidale, 1988; Podvin and Lecomte, 1991; Trier and Symes, 1991) addresses the problems 
encountered by ray tracers and is more efficient at computing travel times for many sensors and events. 
However finite difference schemes can develop stability problems when applied to velocity fields with large 
gradients as the finite difference stencils used do not take into account causality. The Fast Marching Method 
(Sethian, 1996; Sethian and Popovici, 1999) is a technique for tracking a monotonically advancing front and 
can therefore be used only for calculating first arrival travel times. Although the Fast Marching Method 
(FMM) is also a grid based Eikonal solver it guarantees stability by computing travel times using a scheme 
that explicitly takes into account causality.  

Strongly heterogeneous velocity models give rise to complex solution spaces and there is an increased 
chance that an optimization algorithm will converge to a local minimum. Optimization algorithms may be 
classified into two broad categories: 

• Local search algorithms seek a solution by locally sampling the solution space and moving in the 
most favourable direction. These algorithms display rapid convergence but may converge to a local 
minimum.  

• Global search algorithms employ an element of randomness to bypass local minima but are slow to 
converge to the global minimum. 

Global search algorithms include the Genetic Algorithm (Holland, 1975; Koza 1992), Monte Carlo random 
sampling, Particle Swarm Optimization (Kennedy and Eberhart, 1995) and Differential Evolution (Storn and 
Price, 1995). While Differential Evolution yields very satisfactory results, operational requirements dictate 
that the process of interactively locating an event take less than a second and unfortunately Differential 
Evolution was more than an order of magnitude too slow. To obtain rapid convergence while bypassing local 
minima the downhill simplex algorithm (Nelder and Mead, 1964) can be used with multiple restarts: 
optimization is started with a number of different initial values and the solution with the smallest residual is 
chosen as the global solution. 

3 Case Studies 
The technique discussed in Section 2 has been applied successfully to 3 different mining environments: a 
block cave, an open pit mine and a tabular mine. Block cave and open pit mines create large seismic velocity 
variances of at least 80% by the nature of the mining, while large scale velocity variances in tabular mines 
are only dependent on the geology of the virgin rock – 20% in the case discussed in Section 3.3. In all three 
cases presented here the procedure has been verified using either events with known location or modelled 
synthetic events. 

Seismic wave velocities are either calculated from the elastic properties of the material (Young’s Modulus, 
Poisson Ratio and density), as measured in laboratory studies of small representative samples, or have been 
measured directly using calibration blasts.  
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3.1 Block Caving 
The ray-tracing location procedure is first applied to a block caving operation in South America. Use of a 
homogenous velocity model results in large (mL0+) seismic events being located well within the cave. A 
magnitude 0.0 fracture would have a circular source radius of between 10 m (assuming an intermediate 1 
MPa co-seismic stress drop) and 40 m (assuming a low 0.01 MPa co-seismic stress drop) (Mountfort and 
Mendecki, 1997) . Since the primary fragmentation blocks within the cave would be less than 10m3 (e.g. 
Butcher and Thin, 2007), it is highly unlikely that these events are being accurately located. Figure 1 
illustrates the different velocity zones of a caving mine: low velocity caved/broken rock inside the cave, a 
fracture zone immediately outside the cave with velocities up to 20% less than that of intact rock and the 
intact host rock.  For this velocity model, the host rock and broken material bulk elastic properties were used 
to calculate the corresponding seismic wave velocities. 

 

Figure 1 Heterogeneous velocity model of the cave taking into account the velocities of broken 
rock and the fracture zone. 

To objectively test the applicability of the ray-tracing location procedure, four hypothetical seismic events 
were located at various locations around the cave and the resulting seismograms were simulated using 
seismic dynamic modelling. Seismic dynamic modelling (SDM) solves the full wave equation using a finite 
difference scheme and produces synthetic seismograms at the actual sensor positions. The SDM work was 
performed using the same 'true' heterogeneous velocity model as used in calculating travel times. The 
synthetic seismograms were then manually processed to pick the P- and S-wave arrival times. The 4 test 
seismic events were then located using this arrival time data with both the homogenous (no cave or fracture 
zone, only host rock) and heterogeneous ('true') velocity models. Use of ray-tracing with the heterogeneous 
velocity model results in significantly more accurate locations, as demonstrated in Table 1. 

Table 1 Location errors for the synthetic seismic events using both homogenous (straight ray) and 
heterogeneous (ray-tracing) velocity models 

 Homogenous Velocity Model 

3-D Location Error [m] 

Heterogeneous Velocity Model 

3-D Location Error [m] 

Event 1 85.7 3.6 

Event 2 87.8 5.4 

Event 3 27.3 4.8 

Event 4 86.3 4.5 
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Figure 2 Ray paths of simulated seismic events in the environment of the block cave mine show 
significant bending of rays around low velocity regions. Ray-tracing with the realistic 
velocity model significantly decreases the location error. 

Following this, the entire seismic event database of 270,000 events was relocated using the heterogeneous 
velocity model. This resulted in more realistic event locations as illustrated in Figure 3. 

 

Figure 3 Section view through the cave, showing seismic event locations using straight-ray 
location (left) and 3-D ray-tracing (right). Since it is highly unlikely that such large 
seismic events are genuinely taking place within the cave, the event locations from 3-D 
ray-tracing are more convincing. 

In a block caving operation it is usually only the cave footprint that is known with any certainty, while the 
cave shape and extent is largely unknown.  How sensitive is the ray-tracing location procedure to cave 
geometry? We relocated the 4 synthetic seismic events first with a velocity model that assumed the cave was 
10m larger than the 'true' model, and then with a velocity model that assumed the cave was 10m smaller. In 
both cases this introduced approximately 20m of additional 3-D location error. This sensitivity to the 
velocity model could be used to infer the actual cave geometry, as detailed in Lynch and Lötter, 2007.  

3.2 Open Pit 
A 3-D velocity model was constructed for the Eastern slope of an open pit mine in Namibia. Elements that 
had to be included were the solid lower Schist unit (vP = 6280 m/s, vS = 3800 m/s), oxidised upper Schists (vP 
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at 30 m into the slope down to 80% of that velocity near the pit slope surface) and air (vP = 330 m/s). A 
volume of 350 m × 450 m × 550 m was used for the velocity model with a regular 3-D grid of 2 m spacing. 
Figure 4 shows the geometry of the micro-seismic array and the 3-D velocity model used in this work. 

In April 2004 four calibration blasts were carried out. Three of these blasts were 10 m below the surface, in 
the oxidised Schist layer. The fourth blast was in a 60 m deep hole, at the interface of the oxidised and fresh 
Schists. From these blasts, the velocities of each of the two rock types were able to be measured. However, 
the straight ray relocations using all geophones suffered from serious location errors, due to the large (60%) 
difference in seismic wave velocities between the rock units. Table 2 contains the location errors from the 
straight ray location (with each sensor assigned the velocity of the rock unit in which it is located) and the 
ray-tracing location. Note that not all sensors were triggered by each blast and that in most seismograms 
clear S-wave arrivals could not be identified. This contributes significantly to the location errors of both 
methods. 

Clearly the ray-tracing location technique improves matters somewhat in this case, in some cases quite 
dramatically. However, the relatively large location errors that still remain indicate that the velocity model is 
not very accurate. It seems likely that oxidised/fresh Schist interface is not reliably known. 

Table 2 3-D location errors for the four calibration blasts in the open pit environment for both the 
straight-ray and 3-D ray-tracing location techniques. 

 Straight-ray method 
3-D Location Error [m] 

Ray-tracing method 
3-D Location Error [m] 

Blast 1 107 85 

Blast 2 177 37 

Blast 3 276 22 

Blast 4 43 46 

 

 
 

 

 

 

Figure 4 Section view through the open pit shell, showing P-wave velocity model. The locations 
of the seismic sensors are indicated by black rectangles. 

3.3 Tabular Mining 
South African gold mines are characterized by a reef that is thin and fairly planar with access usually 
confined to a band around this reef. As a consequence seismic sensor arrays in these mines are typically 
planar, leading to large location errors in the direction perpendicular to the reef. This error is illustrated in 
Figure 6 (top). 

The velocity structure of this mine is shown in Figure 5 and one will notice that the difference in P-wave 
velocities of the different layers is less than 20%, and so a modest improvement from ray-tracing would be 
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expected. However, numerical simulations performed indicate that errors due to the near-planar seismic array 
are exacerbated by small velocity errors and thus relocating the recorded seismic events with 3-D ray-tracing 
on the layered velocity model does produce a significant improvement in location – see Figure 6 (bottom).  

Two events with known location – a pillar burst and a face burst – were used to test the ray-tracing location 
procedure. The pillar burst location improved quite significantly, reducing the error from 562 m to 116 m, 
which is well within the source size of the event. In the case of the face burst, ray-tracing reduced the error 
more modestly, from 156 m to 51 m. Figure 7 shows these results. 

 

Figure 5 Layered velocity structure of the tabular mine. 

 

Figure 6 Section view showing seismic events located with a homogenous velocity model (top) as 
compared to locations performed using the true layered velocity model (bottom). The 
location errors are greatest in the direction perpendicular to the reef (black line) due to 
the near-planar seismic array, and this results in the approximate mirror symmetry 
about the sensor plane observed in the top view. While this problem is fundamental 
and cannot be solved completely by ray-tracing, the ray-traced locations in the bottom 
view certainly seem to suffer less from this effect.  
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Figure 7 Oblique views of the pillar burst (left) and face burst (right) relocations using ray-
tracing on the layered velocity model. The true location in these cases was estimated 
from underground observations. The seismic sensors are indicated by tetrahedra, with 
the mine plans as a mesh. 

4 Conclusion 
Many mining environments contain media with seismic wave velocities that vary by more than 10% and thus 
the use of a straight-ray location method can lead to less reliable seismic event locations. To take into 
account these velocity variations, a robust method of calculating travel times is required.  We have found the 
fast marching method to be satisfactory for this. 

Strongly heterogeneous velocity models introduce many local minima into the solution space of the location 
cost function and care must be taken not to converge to a local minimum. Global optimization algorithms are 
usually used under these circumstances and using differential evolution produced the best results compared 
to other global algorithms. Unfortunately convergence is too slow for practical purposes and instead the 
downhill simplex algorithm with multiple restarts is used for routine optimization. The use of multiple 
restarts emulates the behaviour of a global optimization algorithm with the advantage of a faster convergence 
rate. 

Factors affecting the accuracy with which an event can be located include seismic sensor network 
configuration, the accuracy of first arrival picks and knowledge of the true velocity model. Certain aspects of 
the true velocity model can be quite elusive (location of different rock units, extent of the cave) while others 
are more well known (geometry of the pit); a useful way of gauging the accuracy of the velocity model is by 
determining the error in the location of calibration blasts. Carefully placed calibration blasts can also be used 
to probe the velocity structure of the rock mass. 

Ray-tracing with pseudo-realistic 3-D velocity models has been shown to significantly improve seismic 
event locations in a variety of mining environments: block caving, open pit and tabular underground mines. 
The method implemented is fast enough for interactive manual processing of seismogram data and so for the 
first time ray-tracing is now being routinely used in the location of mining-induced micro-seismicity. 
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Abstract 
Induced microseismicity provides a unique means for monitoring rock mass response to stress changes, in 
particular in non-accessible regions in the mining environment. Source location provides first order 
information that can be used in the interpretation of damage evolution and fracturing extension and 
orientation within the cave-back, which in turn provides information on the cave position, block sizing and 
mobility. The combination of in-situ microseismicity and numerical modelling using Synthetic Rock Mass 
models provide a robust method for understanding the factors controlling the behaviour and damage 
development within a jointed rock mass. This approach is specially of interest in volumes where it is not 
possible to obtain representative samples, such as in deep cave mines.   

Classical location routines are often based on the assumption of a homogeneous-isotropic medium that can 
be quite different to the velocity model generated by the presence of excavations. In particular, in block-cave 
mining at late stages of exploitation this can lead to higher uncertainties on the positioning of the 
seismogenic zone imposing difficulties in the interpretation of the cave-back position. To minimise this effect 
we use two different methods: relative location and ray-tracing using wavefront construction. Relative 
location minimises uncertainties by constraining the location to a small volume comprising the microseismic 
cluster, and is hence able to delineate fracture structures with higher resolution. In order to provide more 
accurate locations for the microseismic clusters, a more realistic velocity model is proposed consisting of a 
semi-ellipsoid void surrounded by layers of increasing wave transmission velocity. Travel times are then 
calculated by propagating wavefronts through the model. We show that through the combined use of these 
techniques we can both lower uncertainties in the absolute location of the seismic cloud and provide a 
higher resolution analysis of fracture structures. This allows the microseismic technique and structure 
analysis to be more accurately applied to projects where array coverage is reduced by the development of 
the cave void and damage zone.  

1 Introduction 
The different mining operations performed for the development and exploitation of deep cave mines subject 
the rock mass to stress changes that induce opening and reactivation of fractures. The elastic energy released 
in these processes can be recorded as mining-induced microseismicity (MS) by an array of seismic sensors. 
The location of these events delineates the outer limit of the zone of discontinuous deformation, and thus 
provides a unique tool to map the seismogenic zone during the evolution of the caving process, an 
information that can be used in the interpretation of the cave back position. Applying a series of statistical 
tools to the spatial distribution of microseismic events can also extract information about the orientation, 
persistence and spacing of the fracture network induced or mobilised during the different mining operations 
(e.g. Reyes-Montes et al., 2007a).  

The extension of block cave mining to deeper bodies makes it impossible to obtain representative samples 
for laboratory testing in order to understand the critical factors controlling the fracturing process. A unique 
approach to understand these processes is provided by the combination of microseismic information with the 
development and testing of Synthetic Rock Mass (SRM) samples in Itasca’s PFC3D numerical modelling 
codes (Pierce et al., 2007). Numerical models can simulate the stress conditions undergone by the rock mass 
under the conditions typical of deep block cave orebodies, and the bond-break distributions can be directly 
compared with in-situ microseismicity providing a method of validation for the models. The combined 
application of numerical models and seismic analysis has been employed in previous studies to reproduce in-
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situ seismicity measured in brittle rock (Hazzard and Young, 2004) and has been applied to the analysis of 
damage around underground excavations. 

Uncertainties in source locations cause microseismic events to appear as clouds of data that lower the 
resolution of structures and cause the cave back to be poorly defined. Location errors can also lead to 
misinterpretation of the inferred characteristics of the fracture network. One of the principal sources of 
uncertainties is the velocity model used in the inversion of the location algorithm. Typically the wave 
transmission velocity in the monitored rock-mass volume is assumed to be homogeneous-isotropic, with 
straight ray-paths between the source and the receiver positions. The true velocity structure in the mining 
environment can often be very complex due to different rock strata, cave voids and different degrees of 
fracturing in the damaged zone. These complexities can often cause microseismic events to be ‘pulled away’ 
from excavation voids as ray paths that are assumed by the algorithm to travel through intact rock actually 
travel around the cave and through zones of damage. 

This paper presents the application of microseismic analysis to characterise the fracturing around deep cave 
mines and understanding the mechanics of damage through its combined use with SRM models. In particular 
it focuses on the effect of approximating the velocity structure by a single velocity model in the source 
location inversion when complexities are present in the medium. The simulation is performed through the 
construction of wavefronts radiated from synthetic event positions and propagated through a modelled cave. 
A separate study presents the relocation of a set of caving-induced MS events using master event relative 
location as an approach to minimise the effect of an unknown velocity model in the location inversion. This 
technique has been applied in different contexts, successfully reducing hypocentral errors by one or two 
orders of magnitude, which allows a better definition of fracture structures (e.g. Phillips et al., 1997; Schaff 
et al., 2002). This approach is based on using the velocity model in the small volume comprising the master, 
which location is assume as accurate, and process events, cancelling any uncertainties arising from unknown 
structures in the rock volume between the events and the seismic stations. Although the absolute location of 
the events relies on the accuracy of the location of the master event, the resolution of the internal distribution 
of the cluster of events can be significantly by depending only on the velocity structure within the smaller 
volume comprising the events, which can be more closely approximated by a homogeneous isotropic model.   

2 Northparkes case study 
The microseismic (MS) events used in this study were recorded during the monitoring of the development 
and caving of the E26 ore body at Northparkes Mine (Figure 1). The undercut level locates at a depth of 830 
m and covers a footprint of approximately 200 m in diameter. A subset of 836 MS events induced during 
early stages of excavation of the undercut are processed in this study using both absolute locations and 
master event relative locations, assuming a homogeneous-isotropic velocity medium. All the events were 
processed using the records at a minimum of 5 triaxial stations, showing in general good signal-to-noise 
ratios and clear P- and S-wave arrivals. 

When the source area is accessible, surveyed active events (e.g. hammer hits) can be used as accurately 
locate master events for the relocation of the induced MS events (e.g. Reyes-Montes et al., 2005). In this 
case, the active area is not accessible and a series of events with the highest number of recording stations, 
centrally located within the cluster and with the highest moment magnitudes are used as reference for the 
master event relative location.  

 A series of synthetic tests are also performed based on the microseismic array installed for the monitoring of 
the E26 cave volume. 
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Figure 1 Location of Northparkes Mine. The synthetic tests and the MS events used in this study 
correspond to the early undercutting from the 830 m depth level at volume E26. 

3 Structural analysis 
The spatial distribution of the microseismic events induced during the different mining operations associated 
with the cave development can be used to characterise the fracture network mobilised or opened in response 
to the different stress changes. This is done through a statistical approach applying the three point method 
(e.g. Reyes-Montes and Young, 2006, Fehler et al., 1987). This method has been applied to microseismic 
events induced at underground excavations and deep caves identifying dominant structures and providing the 
orientation, persistence and spacing of the dominant fracturing (e.g. Reyes-Montes et al. 2007b). The 
characterisation of the fracture network provides a unique tool for the direct comparison between the induced 
in-situ seismicity and the results obtained in controlled synthetic rock mass models subjected to strain paths 
followed by the cave in order to predict the behaviour of the jointed rock mass (Pierce et al., 2007).  

The statistical technique calculates the planes that fit every unique combination of three events. The poles of 
the calculated planes can then be plotted on a stereogram. A high density of poles will reveal any preferential 
orientation. The effect of the overall shape of the volume containing the events is removed by normalising 
the distribution of poles found for the events by the distribution obtained for a population of the same 
number of uniform random generated points distributed in the same study volume.  

Further analysis of the distribution of the separation and extent of the fitted planes following the observed 
dominant orientation can be used to obtain information about the spacing and persistence of the dominant 
fracturing. 

This analysis forms the basis for the validation of numerical tests on SRM samples. Particle bond breaks in 
PFC3D can be clustered into synthetic microseismic events following size and spacing criteria in order to 
simulate the activity recorded by a typical seismic array. Applying the structural analysis to both the 
synthetic seismicity data set and the microseismicity induced at the mine allows the direct comparison of 
both data sets and one form of model validation. Figure 2 shows the result of the application of the analysis 
to the microseismic events induced during the different mining operations at volume E26 in Northparkes 
Mine. A series of SRM samples were constructed for the different geomechanical domains, characterised by 
different lithologies and strain paths (Pierce et al., 2007), and the fracture structure compared with that 
calculated for the microseismic events induced at the corresponding position and time intervals within the 
cave volume. The results show a good correlation between fracturing orientation and modes predicted by the 
model and those observed from in-situ recorded nicroseismicity. 

The over sampling of the group of events makes this method less sensitive to Gaussian location errors than 
methods based on interevent distance distributions. However, a location uncertainty of ~20% of the 
characteristic length of the fracture of interest  results in the method being unable to identify and resolve the 
dominant fracture orientation. It is therefore crucial for this analysis to constrain and minimise the 
microseismic event source location error. 
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Figure 2 Stereographs showing the relative density of poles to the planes fitting the microseismic 
events induced at different stages of cave development at Northparkes Mine. The time 
period and corresponding mining operation is shown in the histogram of daily seismic 
activity rate shown in the top right corner. In each pane, the left stereograph represents 
the density plot calculated for in-situ induced microseismicity while the right 
stereograph is calculated for the synthetic model constructed for the corresponding 
geomechanical domain. The results show a good correspondence between in-situ and 
synthetic seismicity. The diagrams show the interpreted dominant planar structure. 

4 Cave velocity model 
The complexities introduced by the cave development can be approximated by a more realistic model for the 
velocity structure in the rock-mass comprising the seismogenic zone, the cave and the recording stations. A 
ray-tracing technique that utilises complex velocity structures can more accurately mimic heterogeneity and 
damage in the rock strata by incorporating a synthetic cave that affects the ray paths between source and 
receiver. Similar algorithms for travel-time modelling in complex media are used in petroleum applications 
and regional earthquake studies, but they are not yet routinely applied to mining studies.  

In this study, we develop an algorithm to build travel-time grids using Wavefront Construction (after Vinje et 
al., 1993 adapted by Pettitt and Young, 2007). The grid is obtained by propagating wavefronts across a 
volume at equal time steps. Time nodes are traced or interpolated to form a web of wavefronts and ray-paths. 
The ray parameters (P- and S-wave travel time and source vector orientations) are then computed at any 
position on the plane by finding the time cell in which the position is located and interpolating the 
parameters within that cell. The method of Vinje et al.(1993) has been extended to include discrete 
boundaries and thus manages refracted head waves.  

The constructed set of modelled grids can be used in the inversion for three-dimensional source location by 
using a collapsing grid-search algorithm. We have used the wavefront construction approach in order to 
estimate the location uncertainties introduced by the assumption of a homogeneous-isotropic medium in the 
inversion algorithm. A series of synthetic tests were performed in which travel times were calculated for 
events located at different positions and at different stages of cave development. The cave is modelled as a 
layered semi-ellipsoid, with the inner layer corresponding to the cave void, through which no seismic wave 
propagates (vp=vs= 0) (Figure 3). The yield zone is modelled as two layers surrounding the cave void, with 
wave velocity increasing outwards. An outer layer simulates the conditions of the seismogenic zone with 
transition conditions between the yield zone and the intact rock.  
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An example of wavefronts propagating through a fully developed cave is shown in Figure 4. The example 
shows the propagation times from two different positions for a synthetic event. Figure 4a shows a cross 
section of the wavefronts propagated from a seismic event located above the centre of the cave. At this stage 
and for this position, the cave has a noticeable effect on the theoretical travel times to most stations, 
including the ‘shadowing’ of one station located in the lower level. The forward calculation is repeated for a 
synthetic event located at the east side of the cave within the outer damage zone (Figure 4b). The bias 
introduced at each station by using a single velocity model in the travel time inversion is shown in Figure 5. 
The time residuals at all stations are above the system resolution, with spatial biases of ~25 m for all 
available stations and up to ~50m for an event positioned in the sidewall. This bias can affect the 
performance of the algorithms based on a single velocity model. 

 

Figure 3 Cave model used in the forward calculation of travel times to the stations in the study 
array. Grey circles show the location of events resulting from an over-estimation of the 
transmission velocity in the damage zone, The location after considering the effect of 
the damage zone is shown by the black circles. 

 

Figure 4 Wavefront construction propagated from hypothetical events (black circles) through a 
fully developed cave. The grey and black solid lines show P-wave wavefronts 
(isochrones) that have traversed the cave’s damaged zones. Black triangles show the 
projection on the Down-East plane of the seismic stations used in the simulation.  

a b 
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Figure 5 Location residual at each station obtained by approximating the cave model by a 
homogeneous-isotropic medium calculated as the difference between the travel times 
obtained using both models in Figure 3 multiplied by the average P-wave velocity used 
in a homogeneous-isotropic model. Grey bars show the spatial residual for an event 
located above a fully developed cave (Figure 3a), black bars show the spatial residual 
for an event located at one side of a fully developed cave (Figure 3b). 

5 Master-event relative location 

5.1 Method 
The relative location technique has been previously applied for gaining higher precision and resolution at 
different scales and environments and in particular in mining seismology (e.g. Gibowicz and Kijko, 1994; 
Reyes-Montes et al., 2005). The use of relative locations in these contexts successfully reduced hypocentral 
errors by one to two orders of magnitude (Schaff et al., 2002), and revealed organized structures matching 
active tectonic fault planes (e.g. Rietbrock et al., 1996). The relocated events generally fall within tighter 
clusters, improving the definition of linear and planar structures that fit geological and source mechanism 
observations. 

Assuming that the ray paths for the master and the process event to a common receiver have similar take off 
angles, the differences in the travel times are attributed solely to the seismic wave velocity variation within 
the rock volume between the master and process events. These assumptions are true provided that the 
separation between the master and process events is small compared to their distance to the receivers (Figure 
6). 

 

Figure 6 Schematic illustration of the master event relative location algorithm. Ray trajectories 
from master and process event can be considered parallel when their separation is 
much smaller than the distance to the station. For the relocation, only the velocity in 
the vicinity of the master and process events (v1) is considered, cancelling any fraction 
of the trajectories traversing unknown structures (with transmission velocity v2). 
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5.2 Synthetic experiment  
We examine the effect of velocity uncertainties on hypocentre relocations using both the Geiger (classical 
approach) and master-event relative-location methods. The forward calculation of the theoretical travel times 
is done using the wavefront construction method discussed in section 4, propagating wavefronts through a 
cave model corresponding to early stages of undercut development. The velocity model used for the 
inversion of the calculated observed travel times is a homogeneous-isotropic velocity model. A synthetic test 
was performed locating a total of 600 synthetic events distributed along the three directions and centred in 
the centre of the chosen MS cluster. The objective is to study the performance of the method in this context 
and determine the critical distance beyond which the location error of the relative location method becomes 
higher than the approximately constant error of single event locations. 

RMS misfits for all 600 synthetic events were calculated and are shown in Figure 7. Figure 6a shows that for 
events located using a Geiger method, the RMS error is almost independent of their position, within the 
examined volume, having a nearly constant RMS misfit of ~4 m. On the other hand, RMS error for relative 
located events increases rapidly with separation from the master event from values below the system 
resolution (~0.2 m) to approximately twice the error using absolute locations when events are separated ~100 
m from the master event. The asymmetric behaviour of the RMS error observed for events distributed along 
a vertical line (Figure 7b) is an effect of the seismic array geometry loosing three-dimensional coverage 
above the position for the selected synthetic master event.  

The observations from RMS error behaviour show that location resolution is significantly improved through 
the implementation of the relative location method for events separated <40 m from the chosen master. 
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Figure 7 RMS error using Geiger absolute location and master event relative location for 
synthetic events situated at the centre of Northparkes E26 lift 2 cave, with travel times 
calculated using the fully developed cave model and adding a normally distributed 
random noise (results from the average of 10 experiments). A single velocity of 3900 
ms-1 was used  in the inversion for both routines. a) events aligned along the N-S 
direction, b) events aligned along the vertical direction. 

5.3 Application to cave mining data 
A series of MS events with the highest number of P-wave arrivals were chosen as master events for the 
relative location. When surveyed events (e.g. man-made shots) are available, these would provide an ideal 
master event able to yield absolute location of the cluster. In our case study, only MS events are available as 
master events, yielding an enhanced image of the seismic cloud but biased in its absolute position by the 
location error of the master. 

Results using the different master events show similar inter-event distributions, diverging only in the 
absolute position of the seismic cloud. Example results for both absolute and relative located events are 
shown in Figure 8. A total of 836 MS events were relative located around a centrally positioned master. It is 
observed that the relocated events locate in a tighter cluster, as shown by the distributions of inter-event 
distances in Figure 9.   

a b 
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The effect on the resolution of the method to determine internal structure of the seismic cloud by using the 
different location methods was analysed and is presented in Figure 10. Figure 10a show the density plot for 
the events located assuming a homogeneous-isotropic velocity model. Similarly the density plot following 
the relative location of the same set of events is shown in Figure 10b. The density plot shows a higher 
density of poles at low dip angles with NE orientation in both cases, corresponding with a dominant sub-
vertical fracturing with NE trend. The relative located cluster shows a clearer defined structure (higher 
maxima) although confirming the general trends observed for the absolute located cluster. 

   

Figure 8 Subset of MS events induced during early stages of the excavation of the undercut 
located using a grid-search absolute location (black crosses) and master event relative 
location (grey circles). 
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Figure 9 Interevent distance distribution for the 836 MS events shown in Figure 8 using grid-
search absolute locations (grey line) and master event relative locations (black line). 
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a b 

Figure 10 Stereographs showing the relative density of poles to the planes fitting the events 
induced at early stages of cave development at Northparkes Mine shown in Figure 8 
located using the Simplex algorithm (a) and relative located (b). The diagram shows the 
interpreted dominant planar structure consistent in both cases with a clearer defined 
maximum when events are relative located. 

6 Conclusions 
In Mass Mining, the development of the cave introduces complexities in the velocity structure that produces 
errors when an isotropic homogeneous medium is assumed in a microseismic source-location algorithm. A 
Wavefront Construction approach is presented that constructs travel-time grids (for P- and S-waves) based 
on the propagation of the seismic ray from each seismic station to each point in a grid through a medium of 
variable complexity. In the case of Northparkes, the advancing cave can be modelled as a semi-ellipsoid void 
surrounded by outer semi-ellipsoidal layers of increasing wave propagation velocity. The model can be 
refined by changing the number of layers or the velocity gradient. 

A synthetic study has been performed using hypothetical events occurring at different positions around a 
cave and at different stages in its development. At all the analysed stages, at least one station was shadowed 
by the cave. The development of the cave introduces a larger number of stations with errors above average 
that can be considered as outliers by a classical location algorithm using a homogeneous-isotropic velocity 
model. In this case the stations introduce spatial biases up to ~50 m, which then yield higher uncertainties in 
the location results. The use of a complex velocity model in the location algorithm allows the use of stations 
that would otherwise be considered outliers, thus reducing location errors through more accurate modelled 
travel times and by using more measurements to constrain the solution. 

Master event relative location had been previously applied at regional and mine scales in order to better 
define a relatively small seismogenic zone. The method only requires the knowledge of the velocity structure 
in a small volume containing the master and process events, and therefore overcomes the poor knowledge of 
the cave velocity structure, improving the resolution of the internal structure of clusters of events separated 
less than ~40 m in this case study. 

A sample of ~2,900 MS events, occurring at early stages of the undercut were processed for source locations. 
Two clusters were observed when events were located using a standard grid-search algorithm. Using the 
relative location algorithm, ~900 MS events were relocated. A series of different master events, chosen 
among those with the highest number of stations used in the location, were chosen for the processing, and all 
yielded similar results. The relative located events define a single cluster, more closely packed than the 
cluster defined by the classically located events. 

A clearer defined structure, revealed by higher peaks in density plots, is also observed following the 
relocation of the events. The trends initially observed using absolute located events are confirmed. The 
impact of the cave in the velocity structure is not significant at the time and location of the case study cluster 
(at early stages of blasting of the undercut). This method can in particular improve the resolution of the 
seismic cluster for events located within the damage zone at late stages of cave development, when 
complexities affect the resolution of algorithms based on single velocity models, and also should be used on 
data sets where location uncertainties are higher than those observed at Northparkes. 
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Abstract 

The mechanisms of rockmass failure due to caving are complex and cannot be visually observed. As a result, 
the current understanding of caving mechanisms is relatively “shallow” as it has been built from past 
experience and largely from indirect observations, including cave fragmentation, the measurements of void 
using probing holes and the stress effects on the undercut and production infrastructure. Consequently, it is 
suggested that there is a lot to be learnt about caving mechanisms. 

Since the late 1990s, microseismic monitoring has opened new opportunities to “observe” caving 
mechanisms. The technology is capable of capturing data on rockmass failure from a large volume of rock. 
Each new case study offers an opportunity to improve our understanding of caving mechanisms. At this 
stage, there are only a few case studies worldwide of well documented and well instrumented microseismic 
monitoring of caving mines. This paper describes some of the findings from the detailed analysis of the 
Northparkes Lift 2 microseismic data sets. Observations on the behaviour of the cave during undercutting, 
cave initiation and cave propagation are made, based on existing and new seismological approaches. It is 
found that some of the rockmass responses from the caving process observed at Palabora are also observed 
at Northparkes Lift 2. Many of these findings have implications for safety and productivity at all caving 
mines. Differences and anomalies between the mechanisms observed at Northparkes, Ridgeway and 
Palabora are noted. As a result, important questions, which remain to be investigated, are arising from the 
analysis of these case studies. It is important that opportunities are taken to advance this understanding of 
caving mechanics by expanding these types of analyses with new case studies, where high quality 
microseismic data has been collected. 

1 Introduction 

Cave mining is gaining popularity due to its low production cost and high productivity. The method is 
increasingly applied outside its traditional domain of shallow deposits and weak rockmasses. In deeper and 
stronger orebodies, the caveability of an orebody can be less reliable and the detailed mechanisms involved 
in the caving process are more challenging to understand, predict and control. Since block caving is a highly 
capital intensive method, the financial risk of individual projects can be significant. 

The rockmass failure mechanisms in caving are not well understood. Caving methods offer few opportunities 
to conduct direct observations of the mechanisms involved. Only indirect observations such as 
fragmentation, manual monitoring devices such as “cable and plug”, time domain reflectometry, 
extensometers and the effect of stress change on infrastructure are generally used to infer what is really 
happening during the caving process. 

During the last decade, the increasing application of microseismic monitoring systems in cave mines has 
opened new possibilities for understanding some of the mechanisms involved in the caving process. 
However progress to date has been slow, perhaps because the research community has not paid enough 
attention to this opportunity. Also, there have been cases in which the seismic monitoring systems 
implemented were inadequate for the detailed analysis of the caving process. Currently, there are only a few 
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case studies worldwide of well instrumented and well documented microseismic monitoring of block caving 
mines.  

This paper describes some of the findings from the detailed analysis of Northparkes Lift 2 and to a lesser 
extent from Ridgeway microseismic data sets. Observations on the behaviour of the cave during 
undercutting, cave initiation and cave propagation are made, based on existing and new seismological 
approaches. It is found that some of the rockmass responses from the caving process observed at Northparkes 
Lift 2 also apply to Palabora and Ridgeway. 

2 Caving mechanics concepts 

The literature describing caving mechanics concepts is scarce, reflecting the weak state of knowledge in this 
important area. In his book “Block Caving Geomechanics”, Brown (2003) has a section (1.2.2) on “Basic 
Caving Mechanics” in which some elementary concepts are mentioned. For example, “…caving occurs as a 
result of two major influences – gravity and the stress induced in the crown or back of the undercut or cave.” 
Two distinct situations are then described: one is a low stress environment where gravity fall due to the lack 
of confinement is the dominant mechanism. The second case is the other extreme, in which the induced 
tangential stresses are high compared with the compressive and shear strength of the rockmass. “This form of 
caving is often referred to as stress caving”. This is clearly the case at Northparkes Lift 2 and Palabora. 

A third situation is described by Brown (2003) where the tangential stress induced in the crown is high 
enough to clamp the discontinuities but, too low compared to the rock mass strength to induce failure. Some 
form of induction may be required to weaken the rock mass to facilitate caving under these conditions. 

Brown (2003) proposed another mechanism called subsidence caving “...in which a large mass of rock 
subsides rapidly as a result of shear failure on the vertical or near vertical boundaries of the block”. This 
type of caving can be catastrophic if a large air gap is present between the cave back and the caved material. 

The concepts of caveability, cave initiation and cave propagation (also known as continuous caving) and 
cave breakthrough (also known as cave connection) are well known in the industry, but not discussed in any 
detail in literature. In the case of cave initiation, one could infer that at a certain hydraulic radius, the caving 
process will initiate, but that a stable arch may eventually form. By increasing the hydraulic radius, the 
potential for arching will no longer exist and the cave will be in propagation mode. The hydraulic radius at 
which propagation is achieved can be interpreted as the limit of caveability. The Laubscher (1994) and 
Mathew’s modified empirical graphs (Mawdesley, 2002) propose “caveability” limit lines.  

Cave “breakthrough” or connection occurs when the cave propagates to surface or through to an existing 
mined out area. Once a cave has broken through, further changes in the rock mass and stress conditions will 
be minimal and production can proceed at an accelerated pace without elevating the geomechanics risks.  

These simple caving mechanics concepts are more complicated when the rockmass is not homogeneous, 
when major geological features such as faults and dykes are present, or when the stress field is beyond the 
empirical caving experience. In these circumstances, a number of issues can arise, such as the cave starting 
to propagate outside the intended column, or areas within the intended column do not cave. When caving 
takes place at depth, intense seismicity and rockbursts, which may occur as a response to the caving process, 
can become dominant risks to safety and production. Therefore, it is suggested that a more detailed 
understanding of the caving mechanics process is required to achieve best practice in cave management. 

Duplancic (2001) examined the caving process using microseismic data from Northparkes Lift 1. He 
proposed that a (mainly shear) stress driven “rock breaking” process takes place within a seismogenic zone. 
He defined a seismogenic zone as a band where the “stress front” is actively failing (or fracturing) the rock 
mass. As the state of rock mass within this band reaches a post failure state, the stress is shed outwards and 
the seismogenic zone (or stress front) migrates upwards.  



 

 973

Underlying the seismogenic zone, there is a volume of “post peak rock mass”, referred to by Brown (2003) 
as the “zone of discontinuous deformation” and by Duplancic (2001) as the “zone of loosening”. The zone of 
loosening is aseismic and may cave when a sufficient gap is created by cave draw.  

The crucial process of new fracturing occurs in the seismogenic zone. As a result, the speed and the direction 
of the seismogenic zone migration are critical to the success and to the hazard associated with the caving 
process.  

3 Undercutting 

There are a number of strategies and designs for developing undercuts. Notwithstanding these differences, 
undercutting remains a drill and blast activity aimed at creating the void required to achieve cave 
propagation. Until such a void is created, only the swell from the blasted rock is removed. 

3.1 Cave initiation at Northparkes Lift 2 

Looking at the seismic record from the undercutting period at Northparkes Lift 2, it is apparent that at the 
early stage of undercutting, the seismicity was entirely related to the blasting activity (Hudyma et al., 2007a). 
Typically, small seismic events were located directly above individual blasts and such activity subsided 
within approximately four hours after the blast. By the time the hydraulic radius reached approximately 8, 
the seismic events had migrated about 30 m above the blast. It is suggested that the seismogenic zone was 
formed at that stage and that there was a zone of loosening underlying it, which could potentially cave if the 
support from the broken rock mass were removed. Could this be the point of cave initiation? Based on 
seismic data interpretation, it is suggested that it was not the case, because the seismic activity at that point 
was still strongly associated with blasting. The fracturing process was probably not yet self-sustaining.  

It is only in a later stage of undercutting (September 2003) when the hydraulic radius reached a value of 
approximately 20, that the seismic activity became sustained between the blasts, indicating that a self-
induced stress fracturing process (rather than blast induced) had commenced (Hudyma, 2007). It is proposed 
that this was more likely the onset of cave initiation at Northparkes Lift 2.   

3.2 Seismogenic zone migration 

The seismic record indicated that a seismogenic zone was clearly formed in early May (about 2 months after 
undercutting commenced), when the hydraulic radius reached 8 and the zone of loosening was up to 30 m 
above the undercut level (Hudyma et al., 2007a). In June, the stress front (seismogenic zone) migrated 
rapidly up to 80 m above the undercut level at the approximate location where a diorite dyke intersects the 
ore zone (Figure 1). Features such as dykes are commonly seen as “stress raisers” in open stope mining and 
appear to have acted the same way in the case of Northparkes. As soon as the stress front migrated close 
enough to the dyke, it “jumped” rapidly to this location. This behavior underlines the dominant role that local 
geological features can play with regard to the expected cave mechanics behaviour. Without the presence of 
the dyke, the migration of the stress front would have likely continued in a slower, more regular upward 
progression.  

Also of interest in Figure 1, is the concentration of seismic activity outside the column, on a geological 
contact. This could have been a real concern at the time, as the fracturing process was heading towards the 
waste. This activity south of the footprint eventually subsided and the cave did not propagate outside the 
column.  

Another unexpected and unexplained behaviour of the seismogenic zone is the near complete absence of 
seismicity in the north-east section of the undercut (Figure 2). Despite the blasting occurring directly under 
this area, this volume of rock remained almost totally aseismic (Hudyma, 2007). It is worth noting that a 
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section of the footprint on the south-east side did not cave. A stronger rockmass and a potential stress 
shadow caused by the cave are believed to be responsible for the lack of caving.  

The rate of upward migration of the stress front (seismogenic zone) during the late stage of undercutting 
(September 2003 onwards) was 0.1-0.2 m per day (Hudyma, 2007). At that stage the stress front had 
migrated pass the dyke and the cave was initiated. By the end of the undercutting period, the top of the 
seismogenic zone was up to 125 m above the undercut level. The seismogenic zone was 50 m thick and the 
zone of loosening was up to 70 m high. It is noted that during undercutting, more than 38,000 seismic events 
were recorded, but less than 150 of these events were larger than Richter 0. The seismicity in the 
seismogenic zone was truly microseismic in size. 

 

Figure 1 Northparkes Lift 2 seismic activity between May and June 2003 showing the rapid 
progression of the stress front (dashed lines) due to the presence of a diorite dyke. 
There is also a concentration of events outside of the footprint on a geological contact 
(circled) 

 

Figure 2 Northparkes Lift 2 seismic activity associated with the blasting of the North-East 
corner of the undercut. There is a clear absence of seismicity above the blasts (inside 
the ellipse) 
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4 Extraction (production caving) 

In block caving mines, extraction usually starts when the undercut has reached a hydraulic radius sufficient 
to ensure continuous caving (cave propagation). In the case of Northparkes Lift 2, the final hydraulic radius 
of the undercut was estimated at approximately 50.  

Unless an artificial means of inducing the cave is used (such as pre-conditioning), the propagation of block 
caves is entirely controlled by the rate and location of mucking. The intent is to create a gap between the 
broken rockmass and the cave back, in order to trigger the gravity fall of the loosened rock mass from the 
cave back. In theory, the change in geometry of the cave back should influence the stress front, and continue 
the rockmass fracturing process and the upward migration of the seismogenic zone. The cave is then in a 
propagation mode until “breakthrough” is achieved. 

Studying the seismic behaviour during the production period at Northparkes Lift 2 provided an opportunity 
to expand on some of the caving mechanics concepts and to improve our understanding of the extraction 
phase of the caving process.  

4.1 Northparkes Lift 2 extraction seismic history 

A magnitude-time history chart of seismicity during the extraction phase at Northparkes Lift 2 is shown in 
Figure 3 (Hudyma et al., 2007b). Six distinct periods are identified. Prior to period 1, the extraction level was 
under development in the shadow of the undercut (pre-undercutting strategy). The level of seismic activity 
was very low, with around 5 events per day.  

 

Figure 3 Magnitude time history chart of the seismicity recorded during the extraction phase of 
Northparkes Lift 2, outlining 6 main periods of seismic behaviour 

Period 1 (Aug. 18 – Sept. 16, production rate 9000 tpd): As soon as production commenced, the seismic 
activity increased from 5 events to an average of nearly 100 events per day. During this period, the stress 
front moved upwards at approximately 0.5 m per day. 
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Period 2 (Sept 17 – Sept 29, production rate 0 tpd): There was essentially no production due to crusher 
repair. The seismic activity was reduced by two thirds but the migration of the stress front continued at 0.4 m 
per day. This is a strong indication that the cave was propagating, even with an extended shutdown of 12 
days. This also raises a question of whether the migration of the stress front (which is, in essence, the caving 
process) can be controlled by varying the production rate. 

Period 3 (Sept 30 – October 12, production rate 7200 tpd): As the rate of production was restored to near the 
previous level, the event rate accelerated to an average of nearly 300 events per day. However, the migration 
of the stress front remained constant once again at 0.5 m per day. This re-emphasised that the production 
rate, at that stage, had very little effect on the fracturing process and migration of the seismogenic zone. Note 
that following period 3, there was another production interruption, this time for only three days.  

Period 4 (Oct 14 – Nov 02, production rate 8900 tpd): After the three days shutdown, the production 
resumed at a slightly higher rate and the event rate climbed back to an average of 170 per day. This is 
significantly lower than the 300 per day recorded in the first half of October. The upward migration of the 
stress front accelerated significantly during this time at 2.4 m per day. Four large seismic events (local 
magnitude ≥ +1) occurred during this period, but only one of the events was located near the cave limits. The 
other three events were located well outside the cave column. Clearly, the rock mass fracturing process was 
accelerating during this period.  

Period 5 (Nov 3 – Nov 16, production rate 8600 tpd): The production rate was maintained at a similar level, 
but the event rate continued to slow down to an average of 70 events per day, while the upward migration of 
the stress front continued to accelerate to 3.9 m per day, until the stress front broke through to Lift 1. During 
this 13-day period, 21 large events (local magnitude +1.0 up to +2.9) were recorded. All of the large events 
were located outside the cave column, mainly on the upper area (near Lift 1, south-west of the column).  

Period 6 (Nov 17 – Dec 31, production rate 7400 tpd): The production was maintained at a relatively high 
rate but the cave column became very quiet at 18 events per day. Large events continued to occur outside the 
footprint, until mid-December. After the stress front broke through, the seismogenic zone no longer existed.   

4.2 Conditions of the rock mass prior to mining Lift 2 

It is interpreted that the conditions prevailing within the rock mass column, before the extraction of Lift 2 
commenced, did have a large influence on the caving process. Directly underlying Lift 1, there was a volume 
of rock mass that had been “naturally pre-conditioned” or fractured by the abutment stress induced during 
the extraction of Lift 1 (Hudyma, 2007). The crown pillar between Lift 1 and Lift 2 had been effectively de-
stressed. From the microseismic events recorded during the mining of Lift 2, it is believed that this de-
stressed zone extended to approximately 100 m below Lift 1 (Figure 4).  

As a result of the above-natural “pre-conditioning” (or de-stressing), the abutment stress from Lift 1 had 
migrated downward and was located in a band between approximately 100 and 150 m below Lift 1 (Figure 
4). The rest of the Lift 2 column (190 m above Lift 2 undercut) had not been significantly influenced by the 
mining of Lift 1. 

4.3 Interpretation of caving mechanisms at Northparkes Lift 2 

It was established previously, according to the seismic record, that the cave had initiated during the 
undercutting process. Therefore, as soon as the extraction began, the fracturing process resumed. This is 
evidenced by the sharp increase in the daily rate of seismic events (from 5 to 100 events per day) and the 
migration of the stress front (seismogenic zone) at a rate of 0.5 m/day. Interruption in extraction had an 
immediate effect on the event rate but very little effect on the migration of the stress front. Even the 12-day 
interruption resulted in only a slight slow down of the stress front migration. The rate of migration of the 
stress front remained almost constant at 0.5 m/day, while progressing through the next 40 m of the column 
(from August 18 to October 12). It is believed that this rockmass was unaffected by Lift 1 (Figure 4).  
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As the stress front reached the Lift 1 abutment stress zone (190 m above the undercut, see Figure 4), the 
migration of the stress front (seismogenic zone) accelerated from 0.5 to 2.4 m/day (Hudyma et al., 2007b). 
The abutment stress from Lift 1 is believed to have been assisting the fracturing process during this period 
(Oct 17 – Nov 2).  

Once the stress front completed its rapid ascension through the stress abutment zone, it progressed through 
the last 100 m of the column, which was the de-stressed crown pillar, at an even higher rate of 3.9 m/day. 
This progression was extremely rapid due to the fact that the rock mass in the crown was already fractured 
(naturally pre-conditioned) by previous stress changes and mining from the Lift 1 extraction. Within 13 days, 
the stress front had progressed 50 m into the crown pillar. A lack of seismicity after Nov 16 prevented 
subsequent location of the seismogenic zone. During this stress front breakthrough period (Nov 3 – Nov 16), 
a major stress re-adjustment occurred around the caved column. Numerous large events (local magnitude ≥ 
+1) were recorded on the upper south-west side, outside of the column. This is interesting and somewhat 
consistent with the fact that the north-east corner of the undercut was aseismic. It appears that some features, 
perhaps the diorite dyke (or some other unknown features), together with the breakthrough stress change, 
were responsible for producing these large seismic events.  

After the stress front broke through, the column became essentially aseismic, but the large seismic events 
continued to occur for at least a couple of weeks (until mid-December) before quieting down. By then, the 
stress field had been re-adjusted around Lift 2, and the seismic hazard was no longer significant. The 
physical breakthrough of the cave occurred only several weeks later in early January 2005. 

 

Figure 4 Geometry of crown pillar and abutment zone of Lift 2 at Northparkes 

4.4 Cave back monitoring 

In block caving, it is important to monitor the location of the cave back to assess whether the cave hangs up 
and whether the gap between the cave back and the caved ground increases, creating a risk of an airblast. 
Traditionally, block caving operations relied on conventional monitoring of the position of the cave back to 
assess the status of the caving process. From the previous discussion, it is proposed that monitoring the 
position of the seismogenic zone is a more powerful way to assess the caving process. At the start, the cave 
back reacts to the air gap created by extraction. Once the cave is in propagation mode, movement of the 
seismogenic zone is almost independent of the extraction, but reacts strongly to the conditions of the 
overlying column, i.e. rockmass quality, stress, pre-conditioning and geological structures. Figure 5 shows 
the elevation of the cave back and middle of the seismogenic zone at Northparkes Lift 2 (Hudyma, 2007). 
The distance between the seismogenic zone and the cave back indicates the zone of loosening varies in 
thickness at different periods of time.  
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Brown (2003) presented the caving rates based on cave back monitoring from different mines (Table 1, first 
five lines). He also emphasised that they are notoriously difficult to measure and that these number are only 
estimated. The experience at Northparkes Lift 2 has shown that both the rates of cave back and seismogenic 
zone migration vary significantly over time. The caving rates suggested by Brown (2003) are almost one 
order of magnitude slower than some of the migration rates of the seismogenic zone estimated at 
Northparkes Lift 2 (Table 1). 

5 New interpretation of caving mechanics concepts 

The detailed analysis of seismic data from Northparkes Lift 2 has provided new opportunities to interpret 
some of the caving mechanisms and concepts commonly accepted in the industry. In particular, the tracking 
of the stress front (seismogenic zone), has opened a whole new perspective on the caving process. 
Traditionally, the monitoring focussed on the cave back location and movement (caving rate). However, the 
rock mass “breaking and fracturing process” that ensures the continuation of caving is occurring in 
seismogenic zone. In this section of the paper, some of the commonly accepted concepts are revisited, using 
an analysis of the seismogenic zone as a framework.  

 

Figure 5 Elevation of the cave back (measured from open holes) versus the seismogenic zone 

Table 1 Estimated caving rates as estimated from back measurements at different caving mines 

Operation Estimated Caving Rate (mm per day) 
CODELCO El Teniente Sub 6 panel cave 200 to 300
CODELCO Esmeralda panel cave  170 to 200
De Beers Koffiefontein (TKB Kimberlite) 200 to 400
De Beers Premier Mine (TKB Kimberlite) 100 to 1200
Northparkes E-26 Lift 1 block cave  110 to 380 (pre-inducement) 
Northparkes Lift 2 - Undercutting 160
Northparkes Lift 2 – Lower Column 500
Northparkes Lift 2 – Abutment Stress Area 2600
Northparkes Lift 2 – De-stressed Crown Pillar 3900

5.1 Cave initiation 

Without seismic data, the concept of cave initiation is intuitive rather than a definite and 
measurable/observable notion. What does “cave initiation” really mean? Intuitively, it could be considered 
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the point at which caving starts to happen. But caving can only happen when the cave draw starts and an air 
gap is created removing the support from the caved rock mass. As discussed in section 3.1, cave initiation 
was interpreted, in the case of Northparkes Lift 2, as when the fracturing process became self sustained 
rather than blast induced.  

Another criterion for cave initiation could be interpreted based on the rate of movement of the seismogenic 
zone. Obviously, the rate will be dependant upon rock mass quality, geological structures and stress 
conditions. However, with data from several mines, it may eventually be possible to establish certain ranges 
of migration rates for cave initiation. For Northparkes Lift 2, the migration was about 160 mm per day. For 
Ridgeway, the early caving data was approximately 200 mm per day, (Hudyma and Milne, 2004). It is 
encouraging that these values are in the same “ballpark”. 

Another possible useful measurement is the height of the zone of loosening. In Section 3.2, it was 
established that the zone of loosening towards the end of the undercutting stage had reached 70 m in height. 
It is particularly interesting that Glazer and Hepworth (2005) noted a very similar situation: “At Palabora 
the fracturing zone is located about 60 to 80 m above the cave back…”  

The implication of being able to assess when the cave initiation takes place during the process of 
undercutting, using any (or a combination) of the criteria described above, can provide a very powerful cave 
management tool. 

5.2 Cave propagation 

Cave propagation is another well known “intuitive concept” that can lend itself to different interpretations. 
For example, if we assume that cave propagation occurs when stable arches can no longer be formed, a 
situation may arise where a cave is propagating but eventually reaches a stronger rock mass unit, resulting in 
a hang-up. The concept can therefore be difficult to apply when dealing with a heterogeneous column. And 
what if a cave propagates only for an incomplete portion of the intended footprint? Is it really propagating or 
partially propagating?  

It is perhaps more useful to look at cave propagation in terms of the migration rate of the stress front. For 
caving in a relatively high-stress environment (referred to as “stress caving” by Brown 2003), continuous 
caving is largely dependent on upward progression of the seismogenic zone. As observed in Sections 4.1 
and 4.3, different conditions (rock mass quality, structures and stress) may produce different migration rates. 
For example, the stress front migration rate, while mining the bottom 190 m of the column at Northparkes 
Lift 2, was 500 mm/day (Table 1). Glazer and Hepworth (2005) reported that before reaching the crown 
pillar: “From July 2001 to December 2002 the average elevation of seismicity recorded above the cave 
migrated upwards at a rate of about 15 m per month, from about -750 m to -460 m.” These rates are indeed 
very similar, and perhaps they are indicative of a “base case” rate of cave propagation in a reasonably 
competent rock mass at depth. More data from other mines are required to further investigate this, but once 
again the similarity between the case studies is encouraging.  

In a weaker rock mass or when the stress magnitude is very high and assists in the fracturing process, higher 
migration rates are achieved. For example, Hudyma and Milne (2004) report rates of 1200 mm/day in the 
weak cap rock at Ridgeway, whilst at Northparkes Lift 2, rates of 2600 and 3900 mm per day were recorded 
in the abutment stress zone and de-stress crown pillar respectively. In conditions that Brown (2003) referred 
to as subsidence caving, which is literally like a plug failure, even higher rates can presumably be achieved. 
In a very weak rock mass, if the microseismic system is not sufficiently sensitive, it could be difficult to 
monitor the seismogenic zone. This appears to be the case in the destressed crown pillar at Palabora reported 
by Glazier and Hepworth (2004) and in the near surface part of the column at Ridgeway.  

The seismic data in all three cases, Ridgeway, Palabora and Northparkes Lift 2, showed that when the stress 
front propagated from hard to weak rock, a higher rate migration of the seismogenic zone was accompanied 
by a decrease in the daily event rates. This indicates that the rock mass fracturing (breakage) process 
occurred more readily, i.e. required less events to bring a volume of rock mass into a “post-peak” state.  
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5.3 Cave breakthrough (Connection) 

Personnel at caving mines pay a lot of attention to the breakthrough of the caving column into previously 
mine areas or through to surface. This is also referred to as “the connection”. The importance of the 
connection is two-fold. Firstly, significant subsidence can be associated with the connection process. 
Secondly, as the underlying cave breaks through, the stress field will experience a significant re-adjustment 
that may induce large seismic events and result in a temporarily elevated seismic hazard. However, once the 
connection has been completed, the extraction activity will produce no further significant stress change, and 
this could open opportunities for accelerating the cave draw rate.  

The monitoring of the stress front (seismogenic zone) has once again opened opportunities, in this case, to 
better follow the connection process. In all three cases, Northparkes Lift 2, Palabora and Ridgeway, the rate 
of migration of the stress front accelerated through the de-stressed crown pillars (and weak cap rock at 
Ridgeway). During cave connection, the daily event rates decreased, and all three cases experienced 
relatively large magnitude seismic events typically outside of the cave column. Because the position of the 
cave back lags behind the stress front depending on the thickness of the zone of loosening, it is a poor 
indicator of when the stress re-adjustment and high seismic hazard period will take place. A sensitive 
microseismic system can track this, in real time, very accurately. This can be an enormous advantage in 
terms of cave management and risk management. 

6 Conclusion 

Caving methods have been increasingly used by the mining industry during the last decade, spinning-off 
substantial research initiatives. A significant portion of the recent caving research has focused on improving 
the industry’s modelling capability of the caving process. It is fair to ask: what do we really know about the 
caving process? What are we really trying to model here and how will we verify the validity of our models? 
On the other side of coin, there has been very little investment made towards achieving a better 
understanding of the caving mechanisms for example, through better instrumentation. Microseismic 
monitoring in particular offers outstanding potential to further understand caving mechanics. The analysis 
presented above, which relies only on two datasets, is an attempt to demonstrate this potential. 
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Abstract 
The Palabora Mining Company seismic database contains seismic data recorded since the end of 2001. The 
data base currently contains information about all important development and block cave mining milestones. 
The block cave milestones are the initiation of the caving process, the crown pillar failure, the cave break 
through into the open pit and the transition of the caving process into the final stages. In this paper I have 
evaluated the sizes of the seismically active volumes around the cave for every quarter starting from the 
beginning of 2002 and ending in March 2007. With time this volume has changed not only in shape but also 
with different trends. The changes in the size of the seismically active volume are directly related to the 
observed changes in the seismicity patterns and also relate directly to the various stages of the caving 
process. For example, from the third quarter of 2005, the seismically active volume started to decrease in 
size. As a recent similar decreasing trend has been observed in the monthly seismic deformation rates, then it 
can be assumed that the caving process is approaching its final stages. As the past changes observed in the 
recorded seismicity parameters have allowed for recognising the fact that the stress caving process has 
initiated, then consequently the subsequent changes observed in the seismicity patterns should allow for 
differentiation between the successive stages of the caving process. In this respect the stages themselves are 
not as important as the seismic patterns, indicating a smooth transition from stage to stage. Absence of a 
change in the seismicity or a different seismic pattern might then indicate that the progression of the cave is 
not advancing as required and intervention might be necessary. 

1 Introduction 
At PMC seismicity has been successfully used not only to monitor the cave development, but it has also 
indicated when the caving process was initiated, when the crown pillar failed and when the initial break 
through into the open pit took place. Figure 1 shows the PMC seismic data base. The figure shows the 
monthly seismicity rates together with selected mining information. Mining data consists of development 
square metres and cave production tonnes. Figure 1 illustrates that the development mining induced very low 
amounts of seismicity when compared to the cave mining stage. PMC seismicity trends are directly 
associated with the following milestones: 

1. Development mining  
2. Last blast in the open pit – April 2002  
3. End of ramp mining in the open pit – October 2003 
4. Start of gravity caving  - HR 35m October 2001 
5. Initiation of the stress caving process - HR 45m March 2002 
6. Crown pillar failure - end of 2002 
7. Cave breakthrough into the open pit  - May 2004 
8. Failure of the open pit North Wall – October/November 2004  

Figure 2 shows the energy index history for the entire mine from the beginning of 2000 until end of June 
2007 and was produced with the assumption that it’s value can change from 0.1 to a maximum of 10.0. Data 
used to create this plot was recorded above and below the production level. The energy index graph 
represents the stress regime and in this case relates its changes and values to different stages of the caving 
process. To start with, the stress levels during 2001 were already above the average value (1.0). This stress 
increase was as a consequence of the development mining. Start of the caving process (A) during March 
2002 was associated with a rapid increase in stress that lasted until the failure of the crown pillar (B) at the 
end of 2002. The maximum stress time period continued until the cave broke through into the open pit in 
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May 2004 (C). From then on the stresses started to decrease to reach the average level at the beginning of 
2005. At this stage the stress decrease rates were more rapid than the increase rates that occurred after the 
caving process initiation. After reaching the average value of 1.0 the decrease in the rate of stress slowed 
down. Since the end of 2004 to date, the stress levels have remained below the average value. The stress 
increase due to the development mining phase has been very low when compared to the stress increase 
induced by the caving process. 

 

Figure 1 PMC, seismicity 2000 -2007, development and cave production mining 

 
Figure 2 PMC, the energy index history 

The second line of Figure 2 shows the trend of the average monthly depth of seismicity. During 2001, apart 
from the development mining, there was still mining taking place in the open pit. The gravity caving started 
in about October 2001. At this stage the caving process started to induce far more seismicity than the open 
pit mining. For this reason the average depth of seismicity shows a downward trend. When the hydraulic 
radius reached 45 meters, the stress caving process was initiated. Concurrent with this process the seismicity 
migrated upwards. By the end of 2002 the caving process resulted in the failure of the cave crown pillar and 
the seismicity migrated to its shallowest zone. From that point in time seismicity could only migrate further 
away from the cave and downwards into the still un-fractured parts of the rockmass. From the beginning of 
2003 up to present there has been a general downward trend in the depth of seismicity. It is of interest to note 
that the downward trend in seismicity has become more evident as from the beginning of 2005, when the 
energy index reached the average value of 1.0. The oscillations in the average depths of seismicity during 
2006 were associated with the cave breaking into the open pit in the east part of the mine (Glazer, 2007) 

Development mining has resulted in very low energy release rates when compared with the amounts of 
energy released by the caving process. Large energy releases started immediately after the crown pillar 
failure and ended when the energy index reached the value of 1.0. The high energy release period is 
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associated with a slower downward migration of seismicity. The higher energy release rates during 2006 
were associated with the cave breaking into the open pit at the east side of the mine. Similar to the energy 
release rates, the seismic deformation rates started to increase after the crown pillar failure. The general 
increase in the trend of seismic deformation did not stop when the energy release rates decreased (end of 
2004). On contrary, they still showed an overall increasing trend until about September 2006. 

2 Long term trends in seismic rates 
The following three figures show the monthly production rates (dotted line) and the long term trends 
(continuous line) of the monthly rates for deformation, energy and seismic activity from January 2000 to the 
end of October 2007. 

 

Figure 3 Monthly production and seismic deformation rates 

Figure 3 shows the long term trends for the monthly deformation rates. The rate of seismic deformation 
started to increase just after the initiation of the stress caving process in March 2002. Initially the increase in 
rates were low, they then accelerated in April 2003 after the cave production rate had increased. The seismic 
deformation rates increased continuously until September 2004. From September 2004 until about October 
2006 the monthly seismic deformation rates remained at more or less the same level. During this time the 
monthly production rate fluctuated up and down but the general trend showed an increase. As from October 
2006 the seismic deformation rates have shown a clear downward trend.  

Figure 4 shows the long term trend for the monthly seismic energy release rates. This trend is different to the 
trend for the seismic deformation rates. The energy rates, similar to the deformation rates, started to increase 
gradually after the cave initiation process. The maximum seismic energy release rates were then recorded 
between March 2003 and January 2005.The increase in the energy release from March 2003 coincided with 
increased production rates. After January 2005 the production rate still increased but this did not result in 
more seismic energy being released. The increased energy release rates during the second half of 2006 were 
associated with the cave breaking into the open pit at the east side. 

Figure 5 shows the long term trends for the monthly seismic activity rates. The increased production rate 
from April 2003 resulted in more induced seismicity, more seismic deformation and increased the amounts 
of released seismic energy. The maximum activity rates were recorded about October 2003. From October 
2003 until December 2004 the seismic activity rates decreased gradually and then from December 2004 
again started to indicate an increasing trend. The second maximum, which was similar in size to the previous 
one, was recorded during August 2005. From August 2005 to date there was a clear decreasing trend in 
depths of the monthly seismic activity rates. 
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Figure 4 Monthly production and seismic energy release rates 

 
Figure 5 Monthly production and seismic activity rates 

This brief analysis indicates that the correlation between the monthly production rate and the seismicity rates 
are different in case of seismic deformation, seismic energy release and seismic activity rates. The initiation 
of the caving process as well as the April 2003 increased production rates, resulted in an increase in all three 
seismic rates. It seems that at this point the similarity has ended as further increases in production have had 
different effects on the various seismicity rates. At some point the energy release rates decreased rapidly but 
there was still more seismic deformation. At some later stage the seismic deformation rates started to show a 
decreasing trend different in type from the decrease in energy rates. The decreasing trend in deformation is 
gradual and not as rapid as in the case of seismic energy release. There seems to be no clear or direct 
correlation between the monthly activity and seismic energy release rates after the energy release had 
reached its maximum value in February 2004. Still, the seismic deformation started to show some kind of 
plateau from September 2004 (see Figure 3), which is just before the energy release rates decreased 
considerably in January 2005.At some stage the correlation between seismic activity and seismic 
deformation rates is good in this sense that an increase in seismic activity rates results in more seismic 
deformation and a decrease in seismic activity rates results in less deformation. Still, there are some time 
periods (for example the whole of 2004) when this direct relationship doesn’t hold. 
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3 Seismically active areas 
Figure 6 shows the changes over time in the PMC seismically active area (in km²) from the beginning of 
2002 to the end of March 2007. These areas are calculated for each quarter of the year using a moving six 
month period. The seismically active area is an area that includes at least 95% of all recorded seismicity 
during this six month period. In March 2002 when the caving process was initiated, the seismically active 
area was close to 0.22km². When the Crown Pillar failed at the end of 2002 the seismically active area had 
increased to 0.4 km². By the time the cave had broken into the open pit about October 2004, the seismically 
active area was already 1.6 km² in size. In March 2007 the seismically active area was 2.4 km². The March 
2007 size of the seismically active area is very close to the area enclosed by the open pit rim (2.45 km²). As 
indicated by Figure 6 the seismically active area has increased continuously during the entire time period.  
There are three distinctive time periods of different increments. From the time of the cave initiation to the 
time of the Crown Pillar failure the quarterly increments are low, (average of 0.075 km² per quarter). After 
the Crown Pillar failure the quarterly area increments doubled to an average of 0.15 km². After the cave 
broke into the open pit the quarterly area increments started to decrease continuously. During the first quarter 
of 2007 the quarterly increments were down to 0.05 km² from 0.15 km² during the first quarter of 2005. It is 
clear that the changes in size in the seismically active area are directly connected with the various phases of 
the caving process. 

The seismically active area expansion rates have changed not only over time. There is also a very clear 
change in the directions in which this area has expanded. Initially to start with, the seismically active area 
expanded only in the west and east direction. These are clearly the directions of the development mining. 
The undercut was completed in February 2004 and the drawbells were then completed during August 2004. 
From about the beginning of 2003, when close to 250 (out of 320) draw points were in production, the 
seismically active area started to expand also in the north and south direction. This is the time when the 
monthly production rate increased from about 300 000 to over 500 000 tonnes. From the beginning of 2005 
the main direction in expansion of the seismically active area changed from west and east to northwest and 
southeast. This prominent direction of expansion is not by chance. This is the direction of the horizontal 
principal stress.  

 
Figure 6 Seismically active area changes with time 

4 Vertical extension of seismicity 
Figure 7 shows the changes in the minimum (top curve) and the maximum depth of seismicity (bottom 
curve) over time. The vertical axis indicates the depths from -100m down to – 1600m (BMSL). The two 
seismic migration patterns are very different. After the cave initiation process took place the seismicity very 
quickly migrated upwards to reach the elevation of about -200m, just after the failure of the Crown Pillar. 
The cave break through into the open pit had no influence on the shallower limit of seismicity. The 
maximum depth of seismicity remained at the same level much longer than did the minimum elevation. Only 
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after the Crown Pillar failure did the seismicity start to migrate downward, slowly and continuously. This 
would be expected as the Crown Pillar failure changed the stress distribution pattern. The pillar failure 
resulted in increased vertical stresses and this change was then reflected by the seismicity migration pattern. 
The break through of the cave into the open pit by mid of 2004 resulted in the acceleration of the downward 
migration of seismicity. The maximum depths were reached during the third quarter of 2005. From then on 
there was a slow but again continuous upward migratory trend of the maximum seismicity depth elevation. 

From the beginning of 2002 the heights of the seismically active volume gradually increased from about 
200m to 1200m during the third quarter of 2005. By the end of March 2007 the vertical extension of 
seismicity had decreased to 1000m. 

 
Figure 7 Maximum and minimum elevations of the seismically active volume 

5 Seismically active volumes 
Figure 8 shows the changes in the seismically active volumes and relates them to the cave progress. The 
initial increases in volume from the time of the cave process initiation were small, but only until mid 2003. 
Once the failure of the Crown Pillar was confirmed, there was a change in the draw strategy. At this point of 
time there was no reason to hold back the cave expansion any longer. The 200m exclusion zone above the 
cave maximum elevation (in March 2003 the cave maximum elevation was at -600m) was already fractured 
and no longer able to stop rainstorm water from entering the underground mine. 

 

Figure 8 Seismically active volumes (m³) 
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There was a substantial increase in production from April 2003. During March 2003, about 300 000 tones 
were lashed from the cave. The figure for May 2003 was close to 500 000 tones. During November 2003 
over 700 000 tones were lashed from the cave. In summary, during a six-month period, the production 
increased more than twofold. Up to March 2003 the cave draw rates were about 45mm per day or less. In 
May 2003 the average cave draw rate reached 64mm per day and in November 2003 it was already 92mm 
per day. Seismic data enabled estimating that the cave natural expansion rate was about 120mm per day. 
Also the rapid increase in stress as indicated by the energy index values, started only when the average 
monthly draw rates reached values greater than 50% of the natural cave expansion rate. Two independent 
parameters, seismic energy index history and the space distribution of seismicity, confirm the influence of 
cave production rate on the induced seismicity. In this case substantial increases in production (draw rates) 
have resulted not only in stress increases around the cave, but also in a more rapid expansion of the 
seismically active volume.  

The initial increases in volume from the time of the cave initiation process were small (Figure 8) but only 
until mid 2003. The reasons for the more rapid increase in the seismically active volume from mid 2003 are 
explained above. At the time of the cave initiation the seismically active volume was 48.600.000m³ in size. 
By the time the Crown Pillar failed the seismically active volume had increased to 195.978.000m³.  When 
the cave broke into the open pit this volume increased to 1.236.363.000m³. The maximum volume size was 
reached by the end of June 2006 (2.684.880.000m³). At this stage this volume had increased by 
approximately 55 times since the time of the cave initiation. At the end of March 2007 the volume had 
reduced to 2.564.132.000m³, which is only 4% of its maximum size. The increase rate of the seismically 
active volume decreased after the cave broke into the open pit. It is interesting to note that the final volume 
of the open pit is some 679.143.747 m³, which is nearly four times smaller than the maximum size of the 
seismically active volume. 

6 Seismically active volumes and seismicity trends 
Finally it would be of interest to investigate if there is any relationship between the size of the seismically 
active volumes and the seismic source parameters. For this purpose in this section of the paper I will 
compare the trends of the energy index history and the cumulative value trends of the seismic energy and 
moment with the seismic volume trends. Figure 9 shows the energy index history (dotted line) and the 
seismically active volume (km²) trend line (continuous line). The energy index time history represents the 
stress changes in the rockmass around the cave. With the increasing cave production the stresses increased to 
reach their maximum values that lasted from the time of the failure of the Crown Pillar until the cave broke 
into the open pit.  

 

Figure 9 Seismic active volume and the energy index history 
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After the cave broke into the open pit the stresses around the cave started to decrease, quite rapidly at first 
and then much slower from about April 2005. It seems that the timing of this slower stress release rate might 
coincide with the time when the seismically active volume increase rates stated to decrease. It is only a 
coincidence that the energy index values (they change from 0.5 up 2.6 and the cave volumes in km³ (from 
0.0 to close to 3.0) fit the same scale on the vertical axis.  

Figure 10 shows the graphs for seismically active volume (continuous line) and the cumulative seismic 
energy release (dotted line). It seems that there is a relationship between these two values. The maximum 
seismic energy release took place only after the Crown Pillar failure and then stopped with the cave breaking 
into the open pit. This is shown by the seismic energy cumulative graph when it flattens rapidly just after the 
break through. The high energy release time period coincides well with the time of the rapid increase in the 
seismically active volume. The low energy release time starts more or less at the same time when the active 
volume stopped increasing as rapidly as it did up to that time. 

Figure 11 shows the changes in the seismically active volume (continuous line) together with the graph for 
the cumulative seismic moment (dotted line). There is a lower seismic moment from the time when the 
seismically active volume started to decrease. To date experience with PMC seismic data analysis has shown 
that the ratios of various seismic activities taking place above and below the mine footprint are not only 
indicators of the seismic hazard level for the whole mine but also could be used to monitor the caving 
process. This data demonstrates that during the time period when the energy index values were above the 
mean value of 1.0, the seismic activity rates above the mine were also high. When the energy index started to 
drop from it’s maximum plateau, the seismic activity rates above the mine also decreased. This indicated 
that, in general, the stresses had started to migrate down and below the mine footprint. This stress migration 
accelerated once the energy index values dropped below the mean value of 1.0. This acceleration of stress 
migration is also evident through the activity rates, as during this period there was a faster decrease in 
activity rates above the mine.  

 
Figure 10 Seismic active volume and cumulative seismic energy 
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Figure 11 Seismic active volume and cumulative seismic moment 

7 Conclusions 
A short analysis of the PMC seismicity shows the history of the changes in stress and relates them to 
different stages in the caving process: 

1. Maximum stress levels were observed after the crown pillar failure and at the time when the cave 
broke into the open pit 

2. The rate of stress increase before the crown pillar failure was slower than the rate of stress decrease 
after the cave broke through into the open pit 

3. The maximum seismic energy release rates took place when the stresses were at their highest levels. 
4. Large size seismicity and large seismic energy release rates ended when the energy index value 

reached the mean value of 1.0 (beginning of 2005) 
5. The stress increase due to the development mining was very low in comparison to the stress increase 

resulting from the caving process 
6. The amounts of released seismic energy due to development mining were very low in comparison to 

the amounts of energy released by the caving process. 
7. Seismic deformation rates are related to the volume of the rockmass that is affected by the caving 

process. The amount of seismic deformation is independent of the amounts of released seismic 
energy. Rockmass deforms with or without large size (magnitude) seismicity. 

8. The amount of seismic deformation was directly related to the cave production rates only up until 
September 2006 

9. From September 2006 the seismic deformation rates have shown a general decreasing trend. 

Based on the PMC experience the above (or most of it) should be expected in case of successful cave 
propagation. 

The seismically active volumes have been estimated from the seismically active areas and the vertical 
extension of the seismicity. Each estimated volume contains at least 95% of seismicity recorded for the time 
period approximated. By the end of March 2007, the seismically active area was close to 2.4km². Its north-
south length was 2000m while the west-east dimension was 1700m. These dimensions are very close to the 
corresponding pit ones: the area enclosed by the pit rim is 2.45km², while the north-south length is 1.9km 
and the west-east length is 1.7km. Initially the seismically active area expanded mainly in the westerly and 
easterly directions. This west – east expansion continued until the development mining was completed. Then 
the direction of expansion gradually changed to north and south. The final prevailing directions of the 
seismically active volumes are northwest and southeast. 

The seismically active area expanded in varying increments, which in the beginning were dependent only on 
the cave production rates. The volumumetric expansion up until the second half of 2003 was slow. Once the 
Crown Pillar failed and the cave production increased the seismically active area started to expand much 
faster. This rapid expansion ended just after the cave broke into the open pit by mid 2004. From then on 
expansion rates were no longer dependent on the production rates. With the increasing production rates 
during 2005 and 2006, the seismically active area has been expanding slower and slower. 
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The seismicity elevations were estimated at the west, central and east parts of the mine. The minimum and 
maximum seismicity elevation trends are different. After the failure of the Crown Pillar seismicity migrated 
up to an elevation close to -200m and then stayed at this level until the end of March 2007. The maximum 
depth of seismicity only started to increase after the Crown Pillar failure. This downward trend of seismicity 
was slow but continuous and it accelerated only after the cave broke into the open pit. The maximum depth 
of -1500m was reached during September 2006. From then on the maximum depth of seismicity started to 
decrease. By the end of March 2007 the maximum seismicity depth was at -1250m. The vertical extension of 
seismicity changed from 200m at the beginning of 2002 to a maximum of 1200m in September 2005. At the 
end of March 2007 the vertical extension decreased to 1000m. The horizontal extension of seismicity is 
larger than the vertical extension. 

The estimated seismically active volumes are based on the values of the seismically active areas and the 
vertical extension of the seismicity. These volumes were estimated for each quarter of the year from the last 
quarter of 2001 to the first quarter of 2007. To start with the volume increase was low, and then during 2003 
the volume started to extend much faster. The maximum seismically active volume was reached by the 
beginning of 2006. At present this volume is decreasing. The increase in the seismically active area has 
slowed down considerably from the beginning of 2006. At the same time the maximum depth of seismicity 
started to decrease, hence the resulting decrease in volume. The 2003 seismically active volume rate of 
increase was connected with the increased production from the cave. This increase in production also 
resulted in more rapid stress increases as indicated by the energy index history. Here two independent 
parameters, the seismically active volume and the energy index (based on seismic energy and deformation), 
confirm the influence of the production rates on the induced seismicity. This, as such, is not surprising or 
unusual when it happens, but absence of such changes would indicate that there is something amiss with the 
cave development process. At the time of the cave initiation the seismically active volume was only 0.05 km³ 
in size. By the time the Crown Pillar failed the seismically active volume increased to 0.20 km³.  When the 
cave broke into the open pit this volume was 1.2 km³. The increase rate in the seismically active volume 
decreased after the cave broke into the open pit. The maximum size of 2.68 km³ was reached by the end of 
June 2006. At the end of March 2007 the volume had reduced to 2.56 km³. The final volume of the open pit 
is nearly four times less than the maximum size of the seismically active volume. 

In the last part of this paper I look briefly into the relationships between the seismically active volumes and 
the values based on seismic source parameters such as: seismic energy index, cumulative seismic energy and 
moment and the ratios of seismic activities (rates, energy and moment) above and below the mine level. It is 
assumed that the seismically active volume and the seismic source parameters are different and independent 
of each other parameters. Preliminary analyses indicates that:  

1. Slower stress release, as indicated by the energy index time history, might coincide with the time 
when the seismically active volume increase rates started to decrease. 

2. The high seismic energy release time period coincides with the time when the seismically active 
volume rapidly increased. The low energy release started only when the seismically active volume 
expansion slowed down. 

3. There is less seismic moment from the time when the seismically active volume started to decrease. 
4. As indicated by the changing slope angles, there seem to be a relationship between the various 

seismic activity rates and the seismically active volume rate changes. This point requires more 
analyses. 
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Abstract 
The Block Cave mining method has been successfully used in several operations around the world.  Some of 
these include Rio Tinto’s Palabora Mine  in South Africa and Northparkes Mine in Australia, Codelco’s El 
Teniente and the Henderson Mine in the USA. Determining the rock breakage characteristics is of 
paramount importance to placing drawbells and accurately controlling the pull of the ore.  Gathering rock 
flow information is difficult as the cave, once started, is completely independent inside the rock mass.  Only 
gross controls such as drawbell pulling can be used to attempt to change the pull characteristics, but 
typically results are significantly after the fact and correlation with changes are difficult to measure.  

Several attempts have been made to study flow using markers injected in the cave from above and retrieving 
them as they exit the cave.  This approach provides the entry and exit positions with the assumption that the 
markers travel in a straight line between the points.  This method has several deficiencies with the most 
notable being losing the markers in the cave.  Several other groups have approached the problem using 
computer modeling.  These models are difficult to validate and therefore the results are based on empirical 
evidence.  Both approaches suffer from the lack of real field data. 

This paper describes ongoing research between Penguin Automated Systems Inc. and Rio Tinto with funding 
partners including the Ontario Centres of Excellence (OCE), Centre of Excellence in Mining Innovation 
(CEMI) and Laurentian University.  The concept behind the work is based on creating synthetic rocks (Smart 
RocksTM) with embedded computational, networking and positioning systems that can be injected into the 
cave.  Positioning of each synthetic rock in real time is the result of using large scale VLF transmission 
systems embedded in the mine acting like satellites.  Each rock keeps track of time-of-flight from each 
satellite at a known position.  The position and time-of-flight information is then used to triangulate the 
synthetic rock position.  As the cave moves all of the synthetic rocks move and are plotted using an animated 
display that accurately emulates the movement of the cave front determined by the synthetic rock movements. 

1 Background 
Understanding the way rock flows is an important parameter in the design of mines using the block cave 
mining method. The “knowledge” of the flow of material is critical in terms of efficiency and also in terms 
of the longevity of drawpoints which are very expensive to implement. To this date most prediction models 
are based on mathematical models which have proven to show some significant limitations from experience 
on real mines. In this paper we discuss how rock mass flow can be monitored in order to make these models 
more efficient. An innovative monitoring technique for rock mass flow based on the design of a device 
called “SMART ROCK” is proposed. The SMART ROCK is an electronic device that is capable of 
communicating its position via VLF. The same principles used by a GPS are used to accurately trace the 
journey of this device through an underground rock mass. 

There are two main categories of mines: open pit and underground. In this example, the model is applied to a 
block caving operation, a type of underground mine dealing with a highly fractured deposit that is extracted 
by drilling a tunnel underneath the deposit.  Holes called drawpoints are drilled beneath the deposit from the 
tunnel where highly fractured rocks (ore) cave under the influence of gravity and are retrieved through these 
drawpoints for processing. The rock mass must exhibit characteristics that allow it to break naturally when 
undercut. A complete explanation can be found in (Brown 2003).  
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Since a rock mass caves under its own gravity, drilling and blasting requirements are significantly reduced 
making block caving the least expensive mining method provided that operations take place smoothly. The 
low operating cost associated with block caving make it suitable for economically mining low grade 
deposits. However, implementing a block cave operation is capital intensive at the design level. Each 
drawpoint for instance costs on average from $250K to $500K (New Gold Inc 2007) and a typical block cave 
operation may have hundreds of drawpoints (Mining Review Africa 2003). The initial capital invested for 
the design phase is quickly offset by the fact that drilling and blasting are significantly reduced. Although 
block caving can be a solution to ever decreasing high grade deposits in the mining industry, its actual 
implementation is not without difficulties. 

The main concerns during a block caving operation are: 

• Drawpoints being blocked due to hang-ups, necessitating a dangerous clearing process using 
hydraulic/pneumatic hammers or explosives to break up oversized rocks (boulders).  

• Hang-ups that release without warning as in the North Parkes Mine Disaster in 1999 in Australia 
(ABC 1999, Foster 1999) 

• Risk of dilution of ore due to wall caving as a result of random movement of the fractured rock 
mass. 

The risks associated with block cave mining can be minimized by controlling the physical geometry and the 
number of drawpoints and the “flowability” of broken rock in the cave. The bulk solids (ore and waste) in a 
block cave mining operation can exhibit different levels of flow performance. This depends on factors such 
as particle size, ore and rock characteristics. 

2 Innovative technique 
To this date however, block cave operations have been designed based on a mix of mathematical models and 
expert empirical knowledge. Various simulation techniques have been developed to try to model the flow of 
rock in a caving operation, such as Discrete Element Methods or cellular automata (Nazeri 2001), but these 
are not replacements for actual measurements of flow since the actual flow often does not match the flows 
predicted by these models. 

An innovative technique for tracing the actual flow of rocks in caving is proposed in this paper. (Refer to 
Figure 1). The technique consists of building a device, the SMART ROCK.  A number of SMART ROCKs 
will be injected in drillholes in a caving operation. As rock caves and the the mass flows to be retrieved 
through drawpoints, the SMART ROCKs, equipped with electronics, will move with the ore mass. They will 
broadcast their positions to a receiving antenna located on the haulage levels, transferring the positional data 
to a real-time information system. 
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Figure 1 Smart Rocks Concept 

Previous techniques have attempted to map the rock mass flows in a block cave mining operation by 
injecting steel markers into the rock mass and locating the drawpoints where the markers came out (Hollins 
and Tucker 2004, Power 2004). The paths of the markers are then backtracked to estimate the overall rock 
mass flow. This technique has three major limitations: Because there are only two measurement points 
(initial point of entry and drawpoint number), the trajectory followed by the marker is assumed to be a 
straight line. In addition, it is difficult to identify specific markers unless some code is printed or welded on 
each one which can be erased due to wear within the rock mass.  And finally, most markers get lost in the 
rock mass during the pull. 

What is proposed in this paper is a device that will have a communication system built inside it so that it can 
broadcast information to positioning and analysis software. Several positioning methods were explored at the 
initial phase of this project including tracking position by inertial navigation system (INS) or measuring the 
location by acoustic or radio methods similar to the techniques use in GPS systems. The idea of using INS 
for position tracking was abandoned due to cumulative errors (caused by the necessary circuitry to do the 
double integration) that would bias the measurements. The acoustic approach was quickly discarded because 
the high variability of audio signal speeds in different type of material and the differences between solid and 
broken rock. Radio location was the choice of communication means because of its long history with 
positioning such as ship navigation (Proc 2007),  or cave exploration (Gibson 2002). Studies have been done 
to find optimal frequencies for underground communication (Bandiopadhyay et al 2005, Davis 1970). A 
series of  underground communication and tracking systems tests performed by the mine safety and health 
administration at McElroy Mine in Cameron (MSHA 2006) have shown that 300 meters was the maximum 
distance for through the earth (TTE) communications using a frequency less than 10kHz.  Based on this, it 
was decided that VLF signals will be used to communicate with receivers located on the surface in order to 
apply the triangulation algorithm for positioning. 

3 Feasibility of the proposed technique 
In order to proceed with the proposed technique, it was critical to verify that we can obtain sufficient 
distances through rock. Research on the attenuation of electromagnetic waves in rock has revealed that the 
implementation of the SMART ROCK is feasible with VLF signals. Moreover the formula for the electric 
and magnetic components of an electromagnetic wave in a medium can be stated as (Stratton 1941):  
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E= E0 . exp�− αz �.exp�i�ωt− βz ��
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α
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 meters
      (Eq. 1) 

 
where:  

α=  attenuation constant in Nepers
z =  propagation distance in m  
ω=  frequency in radians/s
β=  phase constant in radians/m
μ=  magnetic permeability, 
σ=  conductivity in siemens/m
δ=  skin depth in meters =  length at which wave attenuates 

                                              to 1
e

  or  �0. 386 � of its initial value

 

Figures 2 and 3 show how penetration depth is affected by conductivity (mineral content) and water content 
(% moisture), two critical variables to consider in our design. 

The limitations of our technique are basically the conductivity and water content of the rock mass. If the rock 
mass is highly conductive, the energy of transmission will dissipate within the first few meters. However in 
block caving operations, the ore is relatively low grade, from 0.4% (SPG Media 2007) to 1% (Fuentes 2004).  

Lower frequencies will allow greater penetration but the difficulty of the precise timing of the signals will be 
exacerbated. 

 
Figure 2  Skin depth as a function of Conductivity  
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Figure 3  Conductivity as a function of water content 

4 Methodology 
The plan is to create a VLF equivalent of a GPS that will work as follows: 

• An individual Smart Rock will be awakened by a paging signal from a large antenna loop at the 
surface. A two-tone system similar to existing commercial pagers can be used. In order to minimize 
power consumption the receiver in the rock will be active just a small percentage of the time, 
listening for a tiny fraction of a minute and going to sleep in between 

• Once the rock receives its wake up signal, it will send a pulse of about 100 cycles at 100 kHz 
(subject to changes after testing), from small loop antennas, that is picked up by the surface 
receivers. Arrival times are measured by convolution. 

• High precision clocks will be needed 
• Standard triangulation methods are used to estimate position  

The first part of the experiment involves a continuous wave modulated signal being transmitted through 
various types of rock mass (ore), in order to find optimal frequencies for communication. Since power is 
definitely limited, the objective is to maximize penetration with minimum power, using frequency as the 
main variable. In order to obtain optimality, various antenna configurations were built (Figures 4a and 4b), 
including loop antennas, ferrite rod wound antennas and others that show promise while not limited by size 
(it still has to fit in the Smart Rock). Testing for a better antenna configuration is still being performed as 
illustrated in Figure 4c.  

 
 
 
 

Figure 4a  Series of receiving antennas 
 built for the tests 

Figure 4b  Example of 
 transmitting antenna 
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Figure 4c Illustration of  indoor test for range  

4 Performance tests  
 
Several filters and amplifiers were built and tested. Our next objectives were to perform tests in air and 
various rock types to mimic a rock mass in a block cave environment as illustrated in Figure 5.  

 
Figure 5 Setup for the through rock experimentation. 

While the optimal site to perform these tests is being investigated, we have located a site on Highway 17 
near Lively, Ontario, where the antenna could be fine tuned to help improve our designs. After a series of 
exploratory trips, we found that this section of the highway is populated with massive rock cuts of with 
different geometrical dimensions similar to the one shown in Figure 6. To this date, several similar rock mass 
configurations of variable length were identified. 

For this test, the antenna voltage was kept constant while the frequency was varied to obtain a frequency 
characteristic of the antenna-receiver system. Two series of tests were performed, the first through air at a 
distance of 12 meters, and the second through approximately 12 meters of rock. The rationale behind the test 
performed in air is explained in the next section.  The location chosen for the through-rock test was at a rock 
cut along a divided four-lane highway west of Sudbury. The sides of the rock cut were close to vertical, and 
the height of the rock mass was approximately 10 meters.  
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Figure 6 Through air and through rock tests location 

The transmitter was powered by two 12 volt lead-acid batteries. An inverter was connected to another battery 
to provide the AC power for the signal generator and the oscilloscope (used to measure the transmitter 
antenna voltage).  The results of the through-air and through-rock measurements are shown in Figure 7.  

 
Figure 7  Measurement results through air and rock – Series of tests I 

The results of the through air and through rock for the same distance (around 12 meters) illustrate clearly that 
the received signals are almost equal in the neighborhood of 40 kHz with reduced noise (bars).  Referring to 
Equation 1, it is clear that the signal intensity depends only on the straight-line distance from the source to 
the detector, so the question of the signal curving around is not applicable. (In some cases the ionosphere can 
act as a waveguide for very long distance transmissions, even around the earth, but there is nothing that can 
act as a waveguide in this setup.) 

Several more test runs were made over the space of a few days in October. At this time, the measurement 
system was automated to a large extent which allowed for many more readings to be made. Unfortunately 
the automated setup near the receiving antenna did cause some increase in spurious noise frequencies that 
ended up at times masking the signal of interest. The measurements were made through air at 11, 15 and 25 
meters, through rock at 11 and 15 meters, and a last run was made with the transmitter turned off to help 
discover a baseline for the spurious noises. The results of the tests are shown in Figure 8. 



 

 1000

The rock thickness was approximately 11 meters and the total length around the same rock mass was about 
32 meters. The results through air at 25 meters show more attenuation than that through rock at 11 and 15 
meter distances.  We can conclude that this experiment successfully transmitted a signal through rock at 11 
and 15 meter distances. 

 
Figure 8 Measurement results through air and rock –Series of tests II  

Another conclusion that must be drawn from this series of measurements is that the receiving antenna needs 
to be farther away from any electromagnetic noise sources that may cause errors in the detected signal. To 
produce frequency response graphs without these artifacts it may be necessary to return to analog 
measurement devices. In any case, as the final SMART ROCK system will be using a single frequency, this 
frequency can be chosen to be away from other interfering signals. 

5 Present Work 
At the moment work is continuing on the method of determining the (x,y,z) coordinates of the smart rock. 
The method that shows most promise is based on measuring the phase difference between multiple 
transmitted signals.  The principle behind this method is the measurement / calculation of the phase 
differences from four (or more) sources. The phase shift is proportional to the distance, and can be calibrated 
to provide the (x,y,z) position of the smart rock.  A mathematical model has constructed and tested and 
shows that the concept is feasible, particularly under noisy conditions.  

The design and construction of a series of four transmitting systems is under way. The antennas will be 
different from the previous transmitter in that they will be tuned to the frequency of operation. The 
transmitting amplifier will be much more efficient and will be able to transmit the signal longer distances.  

The next step to be completed in spring of 2008 is the building of the lab prototype system that will use the 
phase shift method to determine position.  This test will take place at the Penguin Research Centre in 
Naughton, Ontario, Canada.  Once the prototype has been tested the design will be refined to minimize the 
power requirements of the smart rock, and plan the networking process by which the signals will be returned 
to the surface. This part will not require much basic research, as existing wireless networking components 
can be adapted for this task. 
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6 Field Experimentation 
Following the laboratory testing, field experimentation will occur.  This experimentation will see the 
installation of several (approximately 4) VLF transmitting antennae linked to a surface positioning display.  
Smart Rocks would be 15 to 20 cm in diameter.  Individual Smart Rocks will be drilled into the rock mass 
and grouted in place.  As the Smart Rocks move real time tracking will occur and will be displayed on a 3D 
Geographic Information System (GIS).   

7 Conclusion 
The Smart Rocks project is attempting to provide a real time flow measurement technology for Block Cave 
mining.  The technology under development will provide real time empirical information that will assist 
mining engineering and operations personnel in determining new more efficient mine designs, improve the 
safety of operations and potentially create operating techniques to reduce resource consumption in the 
production of minerals.  This information has the potential to optimize the capital and operating budgets of 
the mine. 

When successfully implemented, the Smart Rock method will provide valuable information on rock mass 
flow in order to improve the reliability and integrity of simulation models used to design block cave mine 
layout. This will lead to increased safety and make the block cave mining method even more economically 
viable. The technology will also greatly profit communication systems for any type of underground 
operations such as completely autonomous mobile systems. 
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Abstract 
The boundaries of block cave mining are being pushed back through the caving of higher strength rock, 
caving at greater depth (stress) and the extraction of higher ore columns. As we challenge these boundaries 
the need to know where the cave back is and how it is behaving becomes ever more essential. Through this 
knowledge we can begin to manage how we draw or assist the caves to maximise their value. Current 
monitoring techniques that are available for locating the cave back, the muckpile within the cave and the 
state of caving, including the use of microseismic monitoring, are reviewed. Techniques to monitor and in so 
doing ensure the stability of the excavations on the extraction level are discussed and the use of drawpoint 
sampling to provide additional information to assess the health of the cave is included. The challenges and 
systems required to ensure a verifiable record of the rock mass response to mining over the life of mine is 
reviewed in conjunction with the management systems required to respond to the data. The Northparkes 
Lift 2 monitoring data set is unparalleled in its density (more than 80,000 accepted seismic events over six 
years) and completeness. 

1 Introduction 
Recent years has seen a trend in block cave mining towards deeper orebodies with higher column heights, 
resulting in greater risk in achieving the full stated reserves. In addition, regulatory requirements for financial 
and reserve reporting demand that we can account for the material extracted and justify production plans. 
These demands imply that we have accurate measurement of the caving process and the material extracted 
from the cave, coupled with verified predictive models. Northparkes Mine, in NSW Australia, has been 
extending the boundaries of knowledge in block caving, with column heights of 350 m over a footprint of 
170 m by 200m. A detailed review of the project may be found in Duffield (2000) and a review of the 
monitoring systems is given by Chen (2000). In this paper, we discuss the monitoring during design, 
construction and operation phases of a block cave and relate them to the systems used at Northparkes Mines 
to monitor the performance of the Lift 2 cave. Lastly, a discussion is presented on the philosophies and 
management systems that turn a monitoring system into a mine management tool.  

2 Monitoring requirements during the design phase of a block cave 
From the data collected during exploratory drilling of the orebody, the fundamental outputs are: a three 
dimensional geological model incorporating lithological boundaries and major structures. The diamond drill 
hole database with geological and geotechnical logging and associated assay information should accompany 
this. The in situ or pre mining stress field including the original measurements. A hydro-geological model of 
the rock mass. Rock strength testing information, UCS, triaxial and point load testing. 

This information must be further processed to produce; a geological block model of grade, penalty elements 
and geology, and where possible extended to include the density, hardness and rock strength. Block models 
of fracture frequency (FF) and RQD may be generated, but bias due to the core orientation must be 
considered. Joint set information for each joint set, in the form of the distributions for the following: dip, dip 
direction, spacing, persistence, end termination, large scale roughness and small scale roughness. The 
fragmentation predicted at the drawpoints for the life of the mine as a distribution curve or tonnage per 
oversize rock. The ground support design and the predicted closure and damage to the excavations during 
excavation and operation. Lastly, the mine production plan comprising of the tonnes and grade of the 
material predicted per time period per drawpoint over the life of the mine, including the prediction of the 
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cave shape. This information must be handed over to the construction team, along with the methodologies 
used to collect the data and the steps involved in its subsequent interpretation and analyses. 

2 Construction of the block cave 
The construction provides the first opportunity to verify the geological, hydrological and geotechnical 
models that were used to predict the behaviour and NPV of the block cave. Data from the underground 
exposures must be used to validate these models and excavation behaviour used to verify model output. 

Face mapping and grade sampling in the development heading is used to verify the geological model. The 
location of lithological boundaries and major structure should be used to update the geological models. 
Scanline or window mapping is required to validate the joint set descriptors, particularly their larger scale 
expression and persistence; both properties known to be critical in the prediction of fragmentation and 
caveability. 

The predicted strains for the excavated drives may be compared to observed damage or drive convergence. 
Load increase on support elements, measured through the use of load cells or strain gauged roof bolts, is 
another way of validating numerical analysis. Deviation from prediction should prompt questions about the 
material properties or in situ stress used in the analysis and further investigations must be performed that 
may feed into the caveability, fragmentation and flow modelling.  

Early installation of a seismic monitoring system allows characterisation of the seismic response of the 
different lithologies. Inferred stress conditions at the source location may be related to numerical prediction 
and deviations indicate potential error in the model input parameters. Analysis of seismicity during 
development may be extrapolated to anticipated conditions during undercutting and cave propagation. 
During this period, the seismic monitoring system is calibrated and stabilised in order to provide confidence 
in seismic event locations and source parameters during undercutting and draw. 

Throughout the construction phase of a block cave mine the validation of the fundamental models must be 
ongoing and subsequent analyses revisited where variations occur. 

3 The undercutting and drawbell construction phase of a block cave 
The undercutting phase of a block cave mine must be regarded of the start of the caving process and signals 
the start of the monitoring of the caving block. For simplicity, monitoring has been separated into three areas 
that will remain in place for the cave operations: production parameters; infrastructure stability and cave 
propagation. 

3.1 Production parameters 
The undercut signals the start of the depletions of the ore reserves and commences the recording of the 
tonnage and grade of the material drawn out. 

3.2 Infrastructure stability 
An assessment of the stability of the undercut and extraction levels must be made and compared to the 
predicted damage. Techniques available include assessment of visible damage (drill hole cut offs / 
dislocations; slabbing in the drive and cracking in shotcrete), convergence monitoring or support loading. 

A successful quantitative program of shotcrete crack mapping was used at Northparkes to assess the 
damaged zone in front of the undercut face. Hairline cracks were located and marked with paint. The number 
of cracks per drill ring was recorded. Although labour intensive, it achieved good results and did not suffer 
from damage as the convergence bolts and extensometers did. The results indicated that an area of stress 
increase existed 20 m in advance of the undercut face; manifesting itself as hairline cracks in the shotcrete 
and minor spalling on the bottom metre of the drive that was not shotcreted. 

3.3 Cave propagation 
The systems used to monitor cave propagation (discussed in detail in section 4) must be in place for the start 
of undercutting with well-established confidence in the systems. As the undercut is blasted and swell 
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material removed, a zone of distressed and failed rock expands above. Tracking of the growth of this zone 
and comparing it to predicted failure should be ongoing. Failure of part of the cave to propagate may be 
detected at this stage and mitigating actions taken. In seismically active caves the release of seismic energy 
after blasting must be monitored and assessed for re-entry times to the excavations. 

Until the hydraulic radius has been reached, only the swell tonnage from the failed rock mass may be 
removed. Production capacity will be dependent on the rate of the undercutting and the local rock strength 
and stress conditions, as these will determine the height of the failed zone and its increase with time. If 
material is extracted too aggressively, there is the risk developing a large void between the cave back and the 
muck pile. At Northparkes Lift 2 only the undercut and drawbell swell tonnage was removed. 

4 Cave propagation, infrastructure stability and drawpoint monitoring 
When sufficient drawbells have been mined under the expanding undercut, production on the cave extraction 
level may commence. The monitoring objectives may be split into three different, but still related, areas; 
firstly, the assessment of the material that comes through the drawpoints; secondly, the monitoring of the 
propagating cave with the breakthrough to old workings or to surface and the resulting subsidence; and lastly 
the monitoring of the stability of the underground infrastructure. 

4.1 Drawpoint monitoring 
Recording of the tonnage extracted, grade, geology and fragmentation in the drawpoints gives essential 
information for reconciling the caving, flow and block models and should operate from the start of 
production through to mine closure. We briefly describe the techniques used at Northparkes Mines Lift 2. 

Tonnage and grade sampling, the number of bucket loads of material loaded from a drawpoint was 
recorded per shift. Monthly compliance to draw requirements was assessed and bucket factors adjusted 
through reconciliation. A weekly 2–5 kg grab sample of fist size rocks was taken from each drawpoint for 
assay. Although not large enough to be statistically significant, moving average trends gave a reliable 
indication of drawpoint performance and average grades were reconciled monthly with the mill head grade. 
Assaying on localised indicator minerals may provide a valuable insight into the flow of material within the 
cave.  

Geology assessment, a weekly visual assessment was made of the geology in each drawpoint, as a 
percentage of each rock type. As with the indicator minerals, specific geology may be used to assess flow 
and mixing in the cave. At Northparkes a diorite dyke was used to assess the rate of vertical flow through the 
cave and as an indicator for horizontal movement. 

Fragmentation assessment, a weekly assessment of the percentage of different size fractions in each 
drawpoint was made along with a digital photograph. In addition, oversize and hang-ups were recorded. 

Cave flow monitoring, markers allow the tracking of material from its in situ location to the drawpoint it is 
extracted from and permit the calibration of caving and flow models. Old loader tyres and pieces of metal 
have been used with limited success in Lift 1 at Northparkes Mines; better results have been reported by sub 
level cave mines using steel markers in drill holes (Hollins et al. 2007). Research and development is 
ongoing to develop markers (Smart Tags) that can survive being placed in boreholes in the rock to be caved 
and then tracked real time through the cave to the drawpoint. 

4.2 Cave propagation monitoring  
Pre breakthrough; when the hydraulic radius has been achieved, the rate of draw from the cave is governed 
by the failure of the cave back. It is argued that under true caving conditions, the rate of failure of the cave 
back is proportional to the swell factor and the rate at which material is drawn out. This being the case, the 
rate of caving is then limited by the rate of stress transfer from the intact material being caved to the 
surrounding rock mass. This has been known to induce seismicity (Glazer, 2007, Hudyma et al. 2007 a & b) 
and Figure 1. 

 



 

 1006

 

Figure 1 Induced recorded and accepted seismicity (events of local magnitude -2.6 and larger) in 
Northparkes Mines E26 Lift 2, August to November 2005 

The rate of draw is then limited by the rate of induced seismicity (or by production capacity). At Northparkes 
Lift 2 the cave was pulled uniformly across the footprint, but due to seismicity, draw was limited to 7500 
t/day (90 mm per day) from the footprint until the seismicity decayed after breakthrough to the level above. 

The cave propagation monitoring needs to verify: that the cave is not stalling; the changing location of the 
cave back with time; spatial variation in the cave back over the cave footprint; that a hazardous void is not 
forming between the cave back and the muckpile; and finally, the energy released from the failing cave back 
is not hazardous. 

The progression of the cave and muckpile was monitored by an open hole and TDR network. A seismic 
monitoring system was used to assess the ongoing stress changes in the cave back as indicated by the seismic 
activity. More detailed information on the monitoring systems may be found in section 5. An extensive 
diamond drilling programme was initiated at Northparkes to validate the location of the cave, as many of the 
pre cave drilled holes had been dislocated and damage due to induced cave seismic. 

Post cave breakthrough and subsidence monitoring; following the breakthrough of the cave into the base 
of the Lift 1 workings, the cave propagation monitoring efforts were focused on assessing any lateral growth 
in the cave, using the open holes and seismic system, and the changes in the surface subsidence. This was 
assessed using; areal photography of the subsidence zone; land based photography; and extensometers and 
prism monitoring around the crater. 

The areal photography provided full digital terrain models of the crater from which volumes were calculated. 
Changes in volumes were tracked against the tonnage of material extracted from the cave. The remainder of 
the subsidence monitoring assessed the limit of failure around the crater to ensure the safety of personnel and 
infrastructure. 

4.3 Infrastructure stability 
Infrastructure stability was monitored by extensometers and convergence bolts located throughout the major 
infrastructure and extraction level along with a damage mapping campaign. Additional loading on the 
abutment during the cave propagation was seen by the convergence, extensometer and damage mapping. 
Following the breakthrough of the cave to the old workings no increase in displacement or damage to the 
abutments was observed, and the damage mapping was stopped due to its limited sensitivity to small 
variations in ongoing stress change. 
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5 Instrumentation used at Northparkes Lift 2 
A number of techniques were utilised at Northparkes to monitor the cave to the criteria discussed in the 
previous sections.  

5.1 Seismic monitoring 
A detailed review of seismic monitoring in block cave mines is provided in White et al. (2004) and Glazer 
(2007) and in depth review of the seismic activity at Northparkes Lift 2 during undercutting and production 
may be found in Hudyma et al. (2007 a & b) and in Golder Associates (2007). 

Design and implementation: in block caving, the area of interest is three-dimensional, and the properties of 
the rock mass are modified substantially during mining by the evolution of the cave, through which seismic 
waves do not propagate. This can lead to localized shadowing and unreliable location of seismic events. In a 
“production” environment, thousands of possible seismic events may have to be processed daily and it is not 
possible to analyze every seismogram for these effects. The aim is therefore to surround the volume of 
interest with sensors. 

The seismic system installed at Northparkes Mines Lift 2 is an ISS International system utilising mainly 
triaxial accelerometers and a server based Run Time System (RTS) and processing software. Ten tri-axial 
accelerometers were installed in 200 m deep boreholes from the Lift 1 extraction level (RL9800), 350 m 
above the Lift 2 extraction level (RL9450). An additional six accelerometers were distributed around the 
extraction level (Figure 2). The accelerometers were supplemented by four uni-axial geophones to monitor 
ground motion at sensitive locations. 

 

Figure 2 Northparkes Mines E26 Lift 2 sensor network (plan view - left, East west section - right) 

Infrastructure: A seismic monitoring system detects and records a complex process in the rock mass that is 
intermittent in space and time and which can evolve rapidly from one mode of behaviour to another. This 
requires a high level of availability, necessitating a robust communications infrastructure with redundancies. 
At Northparkes Mines Lift 2, the seismometers along the two branches on the RL9800 were daisy-chained 
using RS485 protocol from the run time system communications hub on the RL9800. A third branch, from 
the communications hub to the extraction level, utilised single mode optic fibre. 

System maintenance, data processing and analysis: events were processed and daily maintenance 
performed from New Zealand, by Golder Associates, via the Internet over a VPN (Virtual Private Network). 
This removed the need for specialist technical staff to be located at the mine site. Processing and routine 
analysis continued consistently through several management changes, including turnovers in Technical 
Services staff and system maintenance, processing and analysis were never influenced by staff absence on 
site. A detail log of system configuration and operational status allowed for differences in seismic activity to 
be normalised on the system availability. Continual post processing of the seismic information through 
relating it back to the mining activities and other monitoring information is essential to gain insight into the 
cave behaviour. Numerous software packages are available for this analysis, Hudyma et al (2007 a&b) 
utilised MS Rap, Hornbill (Hamerkop Scientific Services) was used on site at Northparkes. 
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5.2 Displacement monitoring 
Damage mapping: cracks were marked with paint and then the number of cracks was recorded for both 
walls and the roof of the drive. A weighting system was applied to account for the single large dilation 
features. This was normalised to a per metre value and plotted. The system suffered as repair work re zeroed 
the crack number and dust made identification challenging. 

Open hole dipping and down hole video: surveyed diamond drill holes were plumbed with a wheeled 
weight on the end of a thin steel wire. From Lift 1 experience, loss of tension was an indicator of the 
maximum plumbed depth and indicated the muckpile location; catching when being pulled back up was 
taken as being due to the cave back. No void was detected with the plumbing on Lift 2 and a bore hole 
camera was used to verify if the cave back had been reached. In many cases it showed hole damage above 
the cave back that could not be passed. Open hole 9 showed rubble at the end of the hole, plumbing over 
subsequent months showed the material changing with no change in hole length, Figure 3. This was 
interpreted as the cave back with the muckpile rilling past it. 

 

Figure 3 Bore hole camera shots of the end of Open Hole 9 showing the changing material at the end 
of the hole with no change in length of the hole 

TDR cables: These were installed from the old RL9800 conveyor drive and from the RL9700 exploration 
drive, into the cave. These were read via Ethernet by two CableSHARK (™ Consultronics Ltd) cable testers, 
with the results entered manually in the database.  

At Northparkes, the use of the instruments was complicated since the cables were installed a few months 
before the instruments were commissioned. This resulted in damage to the cables before calibration and 
resulted in a loss of confidence in the calibration. The time between installation of TDR cables and the 
commencement of monitoring should be minimised to ensure confidence in the calibration of the instrument. 

Convergence bolts: A three point array was installed at multiple locations around the undercut and 
extraction level. Half meter long rebar with a stainless steel washer welded on the end were cement grouted 
in place. One was installed centrally in the roof, the others 1.5 m above the floor in the walls. A Slope 
Indicator tape extensometer was used for monthly convergence measurements. 

Extensometers: SMART extensometers (MPBX) (supplied by Mine Design Technologies) were installed 
horizontally between the undercut drives and vertically up from the extraction level towards the floor of the 
undercut. They were also used in the wall and roof of the crusher chamber on the West of the footprint. 
Manual and automated data recording techniques were utilised, with the instruments giving sub millimetre 
movements over the 15 m depth of installation and a working life currently exceeding 5 years. The undercut 
and crusher extensometers have provided data on the stress increases on the abutment from undercutting and 
cave propagation. 

 

OH9 13 July 05 OH9 29 Aug 05 OH9 1 Sep 05 
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6 Data collection, interpretation, presentation and cave management 

6.1 Data collection and integrity 
The design of the monitoring system for the Northparkes Lift 2 had a number of overriding objectives: the 
removal of monitoring personnel from potentially hazardous environments; continuous real time monitoring; 
rapid processing and data presentation and lastly the automation of monitoring to reduce human error. 

For the monitoring of deformation in drives, an automated monitoring system was developed by Golder 
Associates (NZ) utilising National Instruments technology. The SMART extensometers and CSIRO Hollow 
Inclusion Stress Cells were connected to data-loggers via copper wire run from the instruments in the 
extraction level to underground enclosures. 

The data-loggers were controlled by network modules that were daisy chained by a RS485 twisted copper 
pair communications backbone in three branches (Extraction Level Access, Undercut Sublevel Access and 
Tipple Access) that were connected into the mine LAN at a convenient point. On surface a dedicated 
computer running National Instruments software recorded readings on an hourly basis. Figure 4 is an 
example of an undercut extensometer monitored through this system. 

 

 

Figure 4 Readings from an extensometer in an undercut drive utilising the automated dataloggers 

6.2 Data interpretation and presentation 
Great emphasis must be placed on relating the monitoring data to the actual activities and presenting the 
information in a form that facilitates interpretation. Data could be viewed as a trend in values over time or as 
a spatial comparison of values over a geographical area. For example, the convergence data made be viewed 
as displacement against time or combined and contoured at a given time as per Figure 5.  

For a complete picture of the seismic response of the rock mass, a multi-dimensional approach is needed. 
This may include time series of seismic parameters (Figure 6) or by viewing 3-D visual representations of 
seismic event distributions, over different time periods (Figure 7), or through detailed analysis of individual 
events. 

In Figure 6, the evolution of the seismic monitoring system should be accounted for. A full description of 
this is given in Golder Associates (2007); the most significant event was a software upgrade in August 2005 
that may have increased system sensitivity. However, there was also a change in draw strategy, with heavier 
draw on the southern and eastern boundaries of the cave than before. 



 

 1010

 

Figure 5 Contoured horizontal convergence on the 9450 Extraction level. 

 

 

Figure 6 Phases in mining at Northparkes Mines E26 Lift 2. Normalised seismic activity rate (blue) 
and Cumulative Apparent Volume (red) from September 2002 to January 2007 

Reviewing longer time periods contextualises day-to-day seismic activity. While it is true that no mine is 
exactly the same as another, it is reasonable to expect that long-wavelength seismic response will be similar 
for different mines. 

Figure 7 gives an impression of the visualization of seismicity. When visually inspecting seismicity, it is 
important to distinguish between two purposes. In a quick snapshot of the current situation, the symbols 
representing seismic events are often exaggerated in size and a simple plan view and two sections suffice. 
Snapshots usually also cover a short, pre-defined period. For deeper analysis, more realistic scaling of event 
sizes is required, to minimise wrong conclusions about relative locations of events. In addition, full three-
dimensional viewing is essential with a viewer capable of displaying different event magnitude and time 
windows of the data with an animation capability. Quantitative analysis of the data should employ objective 
multi-dimensional clustering based not only on relative event location, but also one or more source 
parameters. 
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Figure 7 Visualisation of the evolution of seismicity in three-week windows, overlapping by one 
week, after the breakthrough between Lift 2 and Lift 1. Event size is scaled to magnitude. 

There are there are four levels of routine seismic data analysis and presentation: Firstly, the results of an 
automated six-hourly system check are posted to a website, with SMS alerts to a responsible person. 
Secondly, seismic data are processed at least once a day. Images and trends in time of selected seismic 
variables are posted to the website and delivered to Northparkes Mines via email. Thirdly, a detailed report, 
effectively containing a 24-hour snapshot of activity and the state of the system, is emailed and posted to the 
website; a summary is kept running on the website. Lastly, a monthly report provides a longer-term 
overview. 

6.3 Cave management and documentation 
The data collected from the drawpoints, the excavation stability and the shape and state of the cave all feed 
into the cave management and production planning process. Monthly formal documented reviews of the data 
were conducted, allowing strategies and production re-forecasts to be made. Reliable data of known accuracy 
and high confidence was essential. For example; is it realistic to use changes of a meter in elevation of the 
cave back when it has been measured at 3 locations down 250 m deep holes where you are struggling to 
achieve single meter accuracy? Often an isolated data point is disregarded if it does not fit a hypothesis and 
due to the inertia of the cave, 2 to 3 readings may be required to establish a trend, by which time a significant 
tonnage may have been extracted and it may be too late to rectify the situation. Additionally, due to the vast 
dimension of cave excavations our ability to affect their behaviour is limited and may take several months to 
manifest itself in the monitoring data. 

It is equally important to document interventions in the monitoring system. In the case of the seismic and 
geotechnical monitoring systems at Northparkes Mines, these “system events” are recorded in the iSMS, the 
Integrated Seismic Management System. 

Daily seismic processing and analysis should conform to four simple principles: Relevance - they confirm or 
contradict expectations, on-time; Reliability - they are verifiable, neutral and can have a confidence level 
assigned to them. Comparability - they are measured and reported similarly for different sites and contexts. 
Consistency - over time, changes in method and patterns are explained. 

To meet these criteria, a rigorous and proceduralised system of data processing, analysis and presentation 
was developed. The quality control and review system had to allow for flexibility to report on and analyse 
changes in established responses. The processing is performed by a pool of data processors with bulk-
processing of data in Auckland at night. In the early morning, graduate science students complete the 
processing and prepare a daily report. First-level review is performed before the report is distributed, with 
senior review performed later in the day.  

Shift supervision by qualified permanent consultants at Golder Associates is used for supervision of 
processors and reporters. The shift supervisor is trained to remotely trouble-shoot the system. They also 
performs quality control on the data processing by examining every tenth event processed in the previous 
session and are responsible for weekly data backups, and verifying system performance. 
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7 Closure 
To minimise the risk to block cave mining from loss of reserve and potential incident or injury, a strategic 
view of the monitoring requirements from the design stage of the cave through to operation is essential. 
Geological, geotechnical and hydro geological models used for the design must be verified during the 
construction process to allow proven models to be available for the operational phase.  

A multitude of techniques have been successfully used to monitor the progression of the Northparkes Lift 2 
cave, the stability of the mine infrastructure and the material produced at the drawpoint. None of the 
techniques in isolation allow adequate assessment of the performance of the cave but combined give a more 
complete picture. All the monitoring techniques need to be proven by the start of the undercutting phase of 
the cave and detailed logs of the monitoring system performance need to be maintained to allow complete 
forensic diagnosis of the true cave behaviour. Systems to eliminate error in the collection of data are 
essential and the turnaround time for the analysis of the monitoring information and relating it to mining 
activities is fundamental. 

With a proven model, instrumentation and effective data interpretation we have the ability to address the 
larger issue of managing a cave pro-actively. 
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Abstract 
The primary copper ore at the El Teniente Mine is a very competent and massive rock mass with almost no 
open discontinuities. Nevertheless, there is a network of high frequency, small scale healed veins coupled 
with widely spaced faults. In addition, recent work has found that veins filled with particular mineralogical 
infill and thicknesses are more likely to define blocks during the fragmentation process. The occurrence of 
weak vein data from Esmeralda mine sector has been assessed and correlated with observations of 
fragmentation. Analysis between structural data and moment tensor estimates of seismic events located in 
the seismogenic zones, show that it is not only the large scale, weak faults, but also weak veins that are 
mobilised and seismically active during caving propagation. Modelled moment tensors using modern non 
linear Finite Element modelling (ABAQUS) are in agreement with the findings, and confirm this 
phenomenon throughout all structural domains at the Esmeralda mine sector. The research work presented 
here describes how such competent rock masses are being disassembled during caving propagation. The 
results are relevant during the assessment of cavability and fragmentation in block caving operations. 

1 Introduction 
Rock masses of primary copper ore at the El Teniente mine have been described as very competent and 
massive during caving operation (Rojas et al., 2001). This is because caving performance has resulted in 
larger than expected fragmentation, and these rock masses have exhibited brittle, often violent failure under a 
high stress conditions (Rojas et al., 2000). Moreover, it is currently believed that induced seismicity during 
caving operation ‘has more relation to the rock mass characteristics (competence) rather than other factors’ 
(Araneda and Sougarret, 2007). Based on this interpretation supported by mining experience, a massive 
hydraulic fracturing experiment have been undertaken within particular the El Teniente Mine sectors to 
facility caving propagation. This is expected to result in a more controlled dissipation of energy (seismicity) 
as the rock mass strength properties have been modified (Araneda and Sougarret, 2007). 

The observed rock mass behaviour during caving operation is consistent with the fact that very few, widely 
spaced open discontinuities (mainly faults) were found within these rock masses. This is shown in Figure 1a.  

Rock structure characterization undertaken at the Reservas Norte (Reno) mine sector within the El Teniente 
mine (Brzovic and Villaescusa, 2007), which included characterization of rock blocks at draw points, has 
found that healed veins filled with particular mineralogical infill and thicknesses are more likely to define 
blocks during the fragmentation process (Figure 1b). These discontinuities represent the weaker veins within 
the primary copper ore, however, following the International Society of Rock Mechanics’ guidelines 
(Brown, 1981), these discontinuities would be ignored during a rock mass characterization program due to 
their high tensile strength. Recently, these discontinuities have been used to predict satisfactorily differences 
of rock mass quality observed between two structural domains within this mine sector (Brzovic and 
Villaescusa, 2007). 

The research work presented here is part of back analysis study of the Esmeralda mine sector within the El 
Teniente mine that was undertaken to validate and to investigate the importance of these weak discontinuities 
during caving propagation (Brzovic, 2007). The main studies included; new rock structure data analysis from 
old and new data, seismicity studies and numerical modelling. 
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Figure 1 Rock masses of primary copper ore and the fragmentation process (Brzovic and 
Villaescusa, 2007) 

1.1 Teniente Mine Overview 
The El Teniente Mine is a Codelco-Chile underground copper mine. It is located in the Andes range in the 
central zone of Chile, about 70 km South-Southeast from the capital city, Santiago. Since 1906 more than 
1100 million tons of ore have been mined using block caving methods. Panel and pre-undercut caving 
methods, variations of the conventional block caving, were introduced in 1982 and 1994 respectively to 
exploit primary copper ore. Taking advantage of gravity, block caving recovers the disassembled ore in 
regular ‘block’ areas. At the same time panel caving develops a continuous front cave, which sometimes can 
be 600 metres long. Pre-undercut caving mainly differs from panel caving, called conventional according to 
Rojas et al. (2000), because the undercut (UCL) is developed ahead of all development below the undercut 
levels (Figure 1c). 

El Teniente is the largest known copper-molybdenum deposit in the world; main rock types include andesite, 
diorite and hydrothermal breccias of the Miocene era (Skewes et al., 2005). Two main structure types are 
observed within the primary copper ore; a system of large-scale faults and a stockwork having a high 
frequency of small-scale vein features. Veins are mainly cemented with quartz, sulphides and anhydrite. The 
stockwork veins containing the original mineralogy are healed. Different vein types have been identified, and 
these define alterations zones according to their local abundance. Main alteration zones are referred as the 
Late Hydrothermal (LH) zone and the Principal Hydrothermal (PH) zone according to Cuadra (1986). 

El Teniente Mine is the biggest underground caving operation in the world currently mining around 140,000 
tons per day, 80% of this within primary copper ore (Araneda and Sougarret, 2007). Moreover, such 
competent rock masses have achieved caving with a small hydraulic radius of around 25m at both the 
Esmeralda mine sector (Rojas et al., 2001) and Reno mine sector (former Ten Sub-6) during its experimental 
operation (Rojas et al., 2000). These experiences are contrary to the description of a competent and massive 
rock mass. 

c) Pre-undercutting cross section 

a) Rock block of primary copper ore (‘in situ’) b) Healed veins as faces of a polyhedral caved rock block 
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2 Esmeralda Mine Sector 
The Esmeralda mine sector introduced the pre-undercutting caving method at the El Teniente mine. This 
mine sector included a production plan of 350Mtons of ore with 1% of Cu and a life span over 35 years. The 
undercutting was initiated in October 1996, and caving initiation started one year later triggered by ore 
drawing at the production level. The breakthrough to upper mine level was estimated to occur between April 
and May 1999, when the hydraulic radius reached a value of 26. The effective mined area (defined by active 
draw points or Active Footprint, ‘AF’ in Figure 2) at this time was 16,800m2 (Rojas et al., 2001). This mine 
sector is located in the central part of the El Teniente ore body, at the Eastern side of the Braden Pipe. 
Caving initiation was located only 100 meters below the old Teniente 4 South mine level to reduce the 
seismic risk level. 

Main geological features within the area of interest are; two main rock types, andesite and diorite; two 
hydrothermal alteration zones, late (LH) and principal (PH); one mayor fault system named Fault B (Seguel, 
2005). The hydrothermal alteration zones coincide with the principal orientation reference at the mine such 
as the hangingwall (Hw) and the footwall (Fw) sectors (Figure 2). 

 

Figure 2 Structural domain and/or unit types at the Esmeralda mine sector (after Seguel, 2005) 

2.1 Rock Mass Characterisation 
Rock mass characterisation was implemented to validate the empirical definition of weak discontinuities 
(Brzovic and Villaescusa, 2007) as criterion to determine rock mass quality. The characterisation of rock 
structure was undertaken considering two mapping scales; data collected from drive mapping to account for 
large scale structures, and large diameter oriented core logging to account for small scale structures. Drive 
mapping and oriented core logging used a truncation bias length ≥ 4.0 and 0.1 meters long respectively. 
Different structural domains of this mine sector were characterised using the same methodology (Figure 2), 
which is described in detail in Brzovic and Villaescusa (2007). 

Similar to what has been found in other mine sectors, veins comprise at least three semi-orthogonal set 
orientations each having high frequency, whereas upto two set of widely spaced sub-vertical faults having 
spacing in excess of 5m have been found (see Figure 3). In this figure, veins were collected from andesite Fw 
sector using traditional scanlines placed in three semi-orthogonal sampling directions. Although, sub-
horizontal discontinuities were not entirely defined by large scale sampling, the fault orientation data are in 
agreement with the strike-slip faults’ characteristics described at the mine scale (Garrido et al., 1994). The 
fault system has been associated with an approximately northwest compression (shortening direction) during 
ore formation, which correlates with contemporary strain field from geodesic displacements measured on 
local scale surrounding the mine (Windsor et al., 2006). Therefore, despite of bias to sub-horizontal 
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discontinuities during large scale data collection, data suggest a rare occurrence of sub-horizontal faults 
within the primary copper ore at the studied mine sector. 

 

Figure 3 Contour orientations of faults and veins from drive and line mapping 

2.1.1 In Situ Fragmentation 

The in situ rock block distributions were estimated from stochastic simulations of the rock structure data 
collected using large diameter oriented drill logging (Brzovic, 2007). The software programs used assumes a 
Fisher distribution for orientation, negative exponential distribution for spacing and infinite trace length for 
discontinuities (Figure 4). In this figure three unit types were included for the case when all discontinuities 
recognised within rock mass were considered and for the case when only thicker, weaker veins were 
included (with asterisk in this figure). As a comparison, the typical sizes of caved rock block as observed 
within production level caving draw points are also plotted in this Figure. 
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Figure 4 In situ rock block distributions considering all and only weak (*) discontinuities 

It is important to notice that the situ rock block distributions (usually called primary fragmentation) only 
represent the ‘potential fragmentation’ (Brzovic and Villaescusa, 2007). The rock block assembly that 
comprises the rock mass is this case is cemented (Figure 1a), then it needs to be broken to define removable 
rock blocks. Therefore, it is not expected that every single weak discontinuity will be open during caving and 
the subsequent fragmentation. The actual fragmentation observed at draw points, will be a function of rock 
damage/disassembly at the seismogenic zone and in the zone of loosening (Duplancic, 2002) plus the 
comminution process during actual draw (Figure 1). 
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A fragmentation back analysis studied using digital imaging process was undertaken between May and 
August 1999 in draw points and ore passes at the Esmeralda Mine production level (Pereira and Zamora, 
1999). Because of sampling biases, it is considered that the data is only an approximation of the actual 
fragmentation. Oversizes measured at both locations are presented in Table 1. 

Table 1 Fragmentation back analysis at the Esmeralda mine sector (Pereira and Zamora, 1999) 

Oversize measured in draw points (%) Oversize measured in ore passes (%) 
Unit Type 

>1m3 >2m3 >1m3 >2m3 

Andesite Hw (Cmet Hw1) 43 33 38 23 

Diorite 47 39 37 21 

Andesite Fw (Cmet Fw1-2) 40 26 38 22 

It is clear from Figure 4 that when the strength of the discontinuities is taken into account the andesite rock 
type from the Fw sector (PH alteration zone) has finer in situ rock block distribution than other unit/rock 
types. This rock structure characteristic is in accordance with observed behaviour (in Table 1) and with 
anecdotal experience in this mine sector (Villegas, 2006) and other mine sector with similar geological 
features as well. It is also interesting to notice that that at the Reno Mine sector caving was achieved 
(breakthrough) at the PH alteration zone, and this zone also represents the largest area of caving at the 
Esmeralda Mine when it breakthrough. 

Therefore, rock mass quality at least for fragmentation purposes at the El Teniente mine can be represented 
in term of the abundance of weak discontinuities. This agrees with the simple concept that a competent rock 
mass under loading fail thought its weaker paths, such as the well know case of the Westerly Granite, where 
weaker minerals having modest occurrence by volume (5-10%) may limit the strength in a brittle rock 
(Tapponnier and Brace, 1976). 

On the other hand, although has not been measured, it is expected that the structural domain Cmet Hw1 
present finer in situ fragmentation than the structural domain Cmet Hw2 or even than diorite. 

2.2 Seismicity 
Back analysis of seismicity recorded between 1996 and 2003 was carried out with two main objectives. 
Firstly, to find a correlation between Dissipated Plastic Energy (DPE) and seismic event probability as 
extensively described Beck et al. (2006). This was undertaken to calibrate a non-linear numerical modelling 
code. Secondly, in order to determine moment tensors, which were compared with structural data and 
modelled moment tensors. The hypothesis was that the model moment tensors might then be used to assist in 
fragmentation studies for future caving. 

2.2.1 Moment Tensor Estimates 

A special data collection was designed to obtain moment tensor estimates using the inversion procedure with 
the JMTS-ISS software package at the mine site. The main criteria to select the mine section to be studied 
considered seismic events located within diorite rock type at the seismogenic zone during caving initiation, 
propagation and breakthrough (1997-1999). In term of calculation, estimates included re-picking of shear 
and compressional wave arrivals and some waveform data was rejected if either unclear arrival phases or 
large gaps were obtained. Over 8 stations were used to obtain stable focal plane solutions in each case. 

A selected group of data, which represent a reduced window of time and space, was compared with fault 
orientation data from the same place (Figure 5). Assuming that sampling bias against sub-horizontal 
discontinuities is not significant (as discussed earlier), the stereographic projection shows that mostly 
steeply-dipping faults collected in mine drives are present (Figure 5a). This information can be used to assess 
whether every pair of plane solutions is likely to be a fault or another discontinuity such as weak veins. If 
most of the seismic event occurred due to slip on pre-existing discontinuities as found by Brzovic and 
Villaescusa (2007), in areas where no faults have been identified, then slipping is likely to correspond to a 
weak veins as shown Figure 5b. 
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Figure 5 Comparison between (a) fault orientation and (b) focal plane solution in diorite rock 
type 

The result of this simple analysis is presented in Figure 5b, where white squares represent the cases when 
either one or both plane solutions are assigned as being a fault. The black asterisks represent the cases when 
the second plane solution is assessed as being a vein (with less probability to fail due to its harder infill). 
Finally, black dots represent the case when neither of both plane solutions can be assigned as being a fault, 
i.e., these solutions can be assigned as being weak veins. This interpretation is plausible since veins observed 
within the rock mass have been found comprising at least 3 semi-orthogonal directions. Therefore, this 
comparison shows that it is not only large scale, weak faults, but also weak veins are being mobilised and 
seismically active during caving propagation. 

Additional data analysis, which included the tensile component of the source mechanism for several re-
located seismic events, cluster analysis of these data for P, T and B axes and in situ stress measurements, 
suggest that current studied seismic events were occurred in the proximity of the cave influence or within the 
seismogenic zone at the Esmeralda mine sector (Brzovic, 2007). 

2.3. Numerical Modelling 
The main purpose to model the Esmeralda caving process from initiation to breakthrough was to investigate 
if the discontinuities mobilised at the seismogenic zone during caving propagation could be correlated with 
seismic moment tensors and structural data. The entire mine history was simulate, from prior 1917 to 
recently past in 2002. 

The modelling package used for this work was ABAQUS Explicit. ABAQUS is a specialist-oriented, general 
purpose, 3-D, non-linear, Finite Elements, continuum and discontinuum analysis product. It is designed 
specifically for advanced analysis of problems where there is significant plasticity, high levels of 
deformation and large numbers of material discontinuities (Beck et al., 2006). Mohr-Coulomb yield criteria 
were used to best match the yield criteria developed in previous analyses at the mine. The constitutive model 
in both cases is a strain softening, dilatant material model. 

2.3.1 Model Calibration 

The model calibration was based on the observed correlation between DPE and seismic event probability. An 
example of the long term correlation for diorite and andesite rock types is presented in Figure 6. A possible 
interpretation of this figure indicates that andesite and diorite have similar DPE-event probability relations 
during early damage, but the peak probability occurs much lower for diorite than andesite. The materials 
have different stiffnesses, so these would load differently, but all else being equal diorite is tougher, i.e., 
more energy is require to degrade it. The difference in the correlation between DPE and peak seismic 
probability is actually very significant, as DPE is plotted on a logarithmic scale in the graph. 

*
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Figure 6 Long term correlation between seismic event probability and DPE (1996-2003) 

An example of the modelled DPE and recorded seismicity for a model step is illustrated in Figure 7. In this 
case, the DPE ranges representing the limits of seismic potential and the lower side of the seismogenic zone 
in the cave are shown. This is a useful plot in a cave as it shows the edge of the zone of loosening as well as 
the conditioned and de-stressed areas of the cave. There is a good match between DPE zones of seismic 
potential and recorded seismicity considering that seismic event locations of seismic event used in this study 
may have important error location (ISS, 2007), for instance, some seismic event have been incorrectly 
located within the caved zone in this figure. 

 

Figure 7 Recorded seismicity and modelled DPE for a model step 

2.3.2 Modelled Incremental Plastic Strain Tensor 

Once the rock mass is loaded and before reaching the peak strength, elastic deformation occurs. If the critical 
strength is exceeded (the elastic limit), a non-recoverable strain change is experienced in the rock. This 
‘unrecoverable’ deformation component is the plastic strain. Assuming a suddenly rock mass failure 
occuring through a discontinuity within a volume V (source volume), this can be expressed as (Backus and 
Maucany 1976); 
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Δσij = cijkl Δεkl 

Where; 

Δσij  = seismic moment density tensor (density of force moments) per unit volume. 

cijkl = material elastic constant. 

Δεkl = change in strain or the incremental plastic strain. 

The total moment density tensor integrated over the source volume is the seismic moment tensor Mij as (Aki 
and Richards, 1980); 

Mij = ∫
V

cijkl Δεkl dV = ∫
V

Δσij dV  

Therefore, each change in strain in the model can be represented as a moment density tensor and/or a 
moment tensor (integrating over V). On the other hand, it has been proposed by Molnar (1983) that from 
several earthquakes (N), the ‘infinitesimal strain tensor’ Δεij, can be linearly related to the moment tensor as 
follows; 

Δεij= ∑
N

V 12
1
μ

Mij
x 

Where: 

μ = shear modulus 

V = volume of the source (or region) for N(=x)≥ 1 seismic events (earthquakes). 

Equation 3 is for the case where it is assumed all damage is due to shearing. In other words, if the model has 
been properly calibrated and based on a linear relationship between the strain change and the moment tensor, 
the eigenvector orientations obtained from both the modelled incremental strain tensor and the measured 
moment tensor should be similar to each other. This correlation was tested for the same mine section studied 
in Figure 5 (illustrated in Figure 7), which included seismic event having less location residual (<15m), and 
the results show a good match (Figure 8). 

 

Figure 8 Correlation between measured moment tensor and modelled incremental plastic strain 
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The good match observed in Figure 8 is even more relevant considering that the modelled plastic strain 
represent a deformation of an assumed continuous medium in this model (this particular model), and the 
measured moment tensors are for the real discontinuum media (in this case, damage at the seismogenic 
zone). This is consistent with a rock structure that offers multiple solutions to accommodate strain as the data 
showed in previous sections. Therefore, if the modelled incremental plastic strain can reproduce the fault 
plane solutions for measured seismic events, these can be used to investigate the orientations of discontinuity 
mobilised at the seismogenic zone in other structural domains of Esmeralda mine sector as shown in Figure 
9. 

 

Figure 9 Comparison between fault orientations and modelled focal plane solutions 

It can be concluded that it is not only the large scale, weak faults, but also weak veins that were mobilised 
during caving propagation throughout all structural domains at the Esmeralda mine sector. Therefore, Figure 
9 suggests the hypothesis that while damage orientation and magnitude is dependent on rock type and 
structure, it must be significantly influenced by cave geometry and stress redistribution. If there is not 
enough deviatoric stress to break or to mobilise weak discontinuities, and/or if damage orientation does not 
line up favourably with discontinuity orientation, and/or if there is not enough weak discontinuities to be 
mobilised, caving propagation rate is adversely affected. 

At the Esmeralda mine sector breakthrough occurred through andesite Hw (Villegas, 2006) instead of diorite, 
as was expected due to chosen draw strategies. It may be interpreted that caving rate could had been slow for 
this unit type because both the imposed damage orientation was mostly oriented to weak discontinuities 
(Figure 9), and diorite has less weak veins (Figure 4) and major faults (Figure 2) than the surrounding rock 
types. 

3 Conclusions 
Rock mass quality based on the occurrence of healed weak veins (Brzovic and Villaescusa, 2007) has been 
assessed for different structural domains at the Esmeralda mine sector, and the result correlated with 
observed fragmentation performance. 

Comparison between structural data and focal studies by inverting the moment tensor show that not only the 
large scale, weak faults, but also healed weak veins are being mobilised and seismically active during caving 
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propagation. Modelled incremental plastic strain tensors are in agreement with that finding, and confirm this 
phenomenon throughout all structural domains at this mine sector. 

Cavability and fragmentation predictions for primary copper ore at the El Teniente mine should consider the 
occurrence and orientation of weak discontinuities (large scale faults and weak veins), as well as induced 
stress and damage orientation imposed by caving propagation. 
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Abstract 
With ever-increasing global demand for mineral resources, numerous mines are moving towards mass 
mining methods (e.g. block caving). Recent studies have demonstrated that block caving relies significantly 
on the natural rock fracture network; hence the characterisation of natural in-situ fragmentation becomes 
key to understanding cavability, cave propagation mechanisms and secondary fragmentation. The number, 
shape and size of blocks closely relates to the definition of an intact rock bridge volume, which is generally 
misrepresented if the fractures are assumed to be fully persistent over the entire problem scale. Ultimately, 
natural fragmentation is a function of the persistence and connectivity of naturally occurring rock 
discontinuities. The use of a Discrete Fracture Network (DFN) approach integrated with a rock block 
analysis is shown to provide a powerful tool for studying the continuity of rock blocks and associated rock 
bridges (which prevent full block formation) as a function of discontinuity persistence. All the rock blocks in 
the DFN models which intersect a specified free-surface can be identified. Coupled with a newly developed 
sequential sampling technique, this provides visualization of blocks which are defined by the intersecting 
discontinuities within the DFN model. As an important corollary, the coupled DFN-Rock Block approach is 
shown to have major applications in the characterisation of the strength of rock masses with non-persistent 
joints. 

1 Introduction 
Rock mass characterisation is a fundamental component for many applications in both mining and rock 
engineering practice. Increasingly, block caving is becoming the preferred mining method for the 
exploitation of deep and large ore bodies. In order to minimise capital investments and maximise ore 
production, block cave mining relies on a consistent characterisation of the pre-caving natural fragmentation 
of the rock mass. Ideally, both qualitative and quantitative data should be collected as part of the rock mass 
characterisation process, providing the necessary parameters for a subsequent classification analysis. 
Fundamental aspects of rock mass characterisation include: definition of an accurate geological model, 
geotechnical data collection, assessing the role of major geological structures and determination of rock mass 
properties. Recent advances in the field of data capture and synthesis have allowed the derivation of more 
accurate 3-D models of naturally jointed rock masses, overcoming some of the limitations inherent in an 
infinite ubiquitous joint approach. The true discontinuous and inhomogeneous nature of the rock mass should 
be reflected in any modelling conceptualisation; hence the importance of discontinuity persistence cannot be 
over-emphasized if realistic characterization and fracture analysis is to be undertaken.  

It is clear that the volume, shape, and removability of rock blocks intersecting any underground opening 
depend on the characteristics of the natural rock fracture network. Theoretically, the predicted rock block 
volume may be expressed as a function of fracture intensity (e.g. fracture spacing), fracture orientation, 
fracture length, fracture termination mode and size and geometry of the excavation. Using probability 
density functions to be discontinuity orientation, spacing and persistence, the Discrete Fracture Network 
(DFN) approach is shown to represent an ideal numerical tool with which to synthesise realistic fracture 
network models from digitally and conventionally mapped data. By combining conceptual DFN models 
generated with the code FracMan (Golder, 2007; Dershowitz et al., 1998) with a rock block analysis, the 
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objective of the present study is the characterisation of the continuity of rock blocks and associated rock 
bridges (which prevent full block formation) as a function of discontinuity persistence. The proposed DFN-
Rock Block approach clearly constitutes a novel and powerful tool for the characterisation of natural 
fragmentation. The modelling results also show that the proposed approach has major implications for 
quantitative assessment of the strength of rock masses with non-persistent joints. In this context, the results 
of the current study support the work by Cai et al. (2004), who firstly introduced a quantitative approach to 
rock mass classification by employing the concept of equivalent block size. 

2 Principles of discrete fracture network (DFN) modelling 
The Discrete Fracture Network (DFN) approach was originally introduced to better characterise flow and 
transport problems in fractured rock masses. The basis of the DFN approach is the characterisation of each 
discontinuity set within a structural domain using statistical distributions to describe variables such as 
orientation, persistence and spatial location of the discontinuities. The DFN approach maximises the use of 
discontinuity data from mapping of exposed surfaces and boreholes or any other source of spatial 
information. Discontinuity data sampled from exposures in variably oriented outcrops (2-D) and boreholes 
(1-D) can be used to synthesize a 3-D stochastic discontinuity model that shares the statistics of the samples 
and allows for the incorporation of specific (deterministic) discontinuities such as larger mappable structures. 
Observations of exposed rock faces, at or near the project site, have the advantage of allowing direct 
measurements of discontinuity orientation, spacing, and persistence and the identification of discontinuity 
sets. Other large-scale geometrical and structural features can be readily observed. Increasingly, digital 
photogrammetry and laser scanning techniques (LiDAR) provide an alternative method for surface fracture 
characterisation. 

The typical process involved in the generation of a DFN model is graphically illustrated in Figure 1, 
including: (i) fracture spatial model, (ii) fracture orientation distribution, (iii) fracture terminations, (iv) 
fracture radius distribution and (v) fracture intensity. Validation of the DFN model is achieved by comparing 
the orientation, intensity and pattern of the simulated fracture traces with those measured in the field. The 
stochastic nature of the process is such that there are an infinite number of possible realisations of the 3-D 
fracture system based on the mapped data. Indeed, the mapping process is itself random by the nature of how 
fractures are presented in available windows. With the exception of fully explicit modelling of an individual 
fracture or simplified fracture sets, the stochastic approach provides the best option for creating realistic 
geometric models of fracturing. 

 

Figure 1 Typical process involved in the generation of a DFN model 
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2.1 Fracture spatial model 
A key parameter in the synthesis of a specific DFN model is the definition of a fracture spatial model. The 
main difference between DFN models is a function of the way fracture characteristics are considered 
(Dershowitz and Einstein, 1988; Staub et al., 2002; Rogers et al., 2007). Most of the models involve similar 
considerations for specific fracture characteristics, i.e. shape (generally polygons), size and termination at 
intersections. Fracture spatial models can be grouped according to the specific distribution laws utilised to 
simulate fracture orientation and fracture location. The choice of a specific fracture spatial model is typically 
based on assumptions made from field data and geological observations. The code FracMan used in the 
current study allows for the use of three different fracture spatial models: the Enhanced Baecher, the Nearest-
Neighbour, the Fractal Levy-Lee and a stratigraphic model. In the Enhanced Baecher model fracture location 
may be defined by a regular (deterministic) pattern or a stochastic process. The stochastic approach assumes 
that the fracture centres are randomly located in space using a Poisson process. The Nearest-Neighbour 
model is particularly suited to model the tendency of fractures to be clustered around major points and faults 
by preferentially producing new fractures in proximity of earlier fractures (Dershowitz et al., 1998). The 
Levy-Lee model is a fractal model whose key features are that fracture centres are created sequentially and 
the size of a fracture is related to its distance from previous fractures (Staub et al., 2002). The stratigraphic 
model can be used to represent strongly layered systems, where fracturing may be bounded with spacing 
controlled by bed thickness. 

2.2 Fracture orientation 
Discrete fractures can be generated separately for each fracture set and then combined to obtain the overall 
representation of the fracture network. The application of separate statistical procedures to define fracture 
sets and, consequently the separate DFN models, is known as a disaggregate approach. Distributions 
including Fisher, Bingham, bivariate Fisher and bivariate Bingham can be used to represent fracture 
orientation. Alternatively, field data that do not conform to straight forward statistical methods (i.e. 
characterised by a highly dispersed scatter), can be analysed using a bootstrap approach, whereby a statistical 
method based upon multiple random sampling with replacement from an original sample is used to create a 
pseudo-replicate sample of fracture orientations (Rogers et al., 2007).   

2.3 Fracture terminations 
Interdependence of fracture sets and chronology of fracture formation can be defined by using a fracture 
terminations percentage. Ultimately, this parameter controls the amount of rock bridges between adjacent 
fractures, and thus the potential for having fully formed blocks.  

2.4 Fracture radius distribution 
Fracture size is another critical parameter controlling the definition of a blocky geometry. Both fracture 
shape and size can be assessed by analytical methods applied to data sampled on exposed rock faces 
(Mauldon, 1998; Zhang and Einstein, 1998 and 2000). The process is based on several assumptions: (i) 
fractures are considered to be planar and (ii) for mathematical convenience, in the current DFN approach 
fractures are assumed to be polygons with n sides with their size defined by the radius of a circle of 
equivalent area. Measured trace lengths on exposed rock faces are typically biased, therefore there is a need 
to correct sampling bias in order to derive true trace lengths, which are then employed to estimate fracture 
size distribution. The analytical method proposed by Zhang and Einstein (2000) for circular window 
mapping has the advantage over scanline and rectangular window mapping of automatically eliminating 
orientation bias. Recent developments in digital photogrammetry and LiDAR provide an alternative source 
from which to estimate fracture size, particularly for large exposed rock faces with limited accessibility.  

2.5 Fracture intensity 
The generation of a DFN model requires the estimation of a parameter known as fracture intensity. More 
specifically, the volumetric fracture intensity is defined as the ratio of total fracture area to unit volume. This 
parameter, termed P32 (m2/m3), can be calculated on the basis of a linear correlation (Dershowitz and Herda, 
1992) with P21 (m/m2), which is the total trace length of fractures per unit area, or with P10 (m-1), which is the 
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total number of fractures along a scanline or borehole (i.e. fracture frequency). The constants of 
proportionality depend on the orientation and radius size distribution of the fractures and on the orientation 
of the sampling panel or scanline/borehole. Alternatively, the volumetric fracture intensity can be indirectly 
assumed by conditioning the DFN model to a direct replication of the number of fractures intersected along a 
scanline/borehole. 

3 Use of a DFN approach for characterising naturally formed blocks 
The proprietary code FracMan (Version V6.54) is the platform used in the current study for data analysis and 
synthesis. FracMan allows the 3-D visualization of blocks and wedges defined by intersecting discontinuities 
in the DFN model. Starzec and Tsang (2002) used FracMan to quantify the relationship between the volume 
of unstable blocks and surface fracture intersection density (defined as the number of intersections between 
fractures on the trace plane divided by the area of the trace plane) for a circular tunnel. They postulated the 
use of the volumetric fracture intersection density as a means of quantifying the combined effect of the 
fracture-parameter-estimates on block-prediction estimates. However, this property cannot be obtained in the 
field by direct measurement, consequently there is a need to define a relationship between the volumetric 
fracture intersection density and specific fracture intersections parameters measurable on a given rock 
surface. Rogers et al. (2007) used FracMan for characterising the natural fragmentation of a fractured rock 
mass. Subsequently, Elmo et al. (2007) used a similar approach combined with a sequential sampling 
technique for characterising intact rock bridges.  

In the current analysis, all the rock blocks in the DFN models which intersect a specified free-surface (slope 
face and/or a tunnel wall) are identified. To achieve this, a trace map for the fracture intersections with the 
free-surface is initially generated then rock blocks are constructed by identifying those fractures which form 
closed two-dimensional blocks in the trace map. This results in a collection of faces and connection 
information. All of the faces are processed using an unfolding algorithm to generate the minimum volume 
polyhedron which connects to the specified free-surface. The rock block volume is computed by a process of 
3-D tessellation with the associated block mass being calculated using the computed volume and the 
assigned rock density (Dershowitz and Carvalho, 1996; Moffitt el al., 2007 and Rogers et al., 2006). The 
kinematics and stability analysis uses a similar solution procedure to other key block analysis tools (e.g. 
UNWEDGE - Rocscience, 2007). The stability analysis is carried out by verifying whether each identified 
block satisfies the criteria for unconditional stability, i.e. the block may slide (along one or two sides), or it 
may be a free falling block. The factor of safety is then calculated based on limit equilibrium assumptions. 
However, the main objective of the current study is to relate block statistics to fracture length, therefore other 
factors affecting block stability, such as friction on fracture planes and the horizontal rock stress component 
are not explicitly considered.  

With the exception of size and geometry of the excavation which are fixed, fracture orientation and length 
are expressed within the DFN model as probability density functions, and the accuracy of block predictions 
clearly depends on the precision of the initial descriptive parameters. These would be typically inferred from 
field data. In the current study, however, conceptual models consisting of three mutually orthogonal joint 
sets with a constant fracture length were assumed.  

4 Investigating the importance of fracture persistence using an integrated 
DFN-Block Analysis approach  

A series of conceptual discrete-fracture networks were generated using the FracMan stochastic-fracture 
generator, according to the parameters listed in Table 1. Each DFN model was generated within a 10m x 
10m x 10m box region. In order to reduce the risk of statistically significant difference in the results, 50 
additional Monte Carlo runs were made in addition to the initial stochastic realization of each fracture 
network. Starzec and Tsang (2002), in their study using FracMan, concluded that 50 Monte Carlo 
simulations was a sufficient number to provide a reliable estimate of total unstable block volume. 

The modelling results are in agreement with observations by Chan and Goodman (1987) and Hoerger and 
Young (1990), who found that for a simple fracture network with three joint sets, the block volume is 
influenced predominantly by fracture spacing. Furthermore, the analysis showed that, for a given fracture 
spacing, the average block volume is a function of the persistence factor, which is defined as the ratio 
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between fracture length and problem scale (10m in this specific case). In Figure 2 (top), a threshold 
persistence factor (dashed line) can be identified below which the average block volume is extremely small 
such that the effective control of persistence on mean volume can be neglected. However, this is reflected in 
an increased number of naturally formed rock blocks with decreasing fracture spacing, Figure 2 (below). 
Further analysis including models with different fracture network parameters are required to verify the 
character and occurrence of this threshold persistence factor. In Figure 3 the results are quantitatively and 
qualitatively interpreted in terms of the more general concept of a massive-to-blocky and strong-to-weak 
rock mass. From a rock engineering perspective, this clearly has a major potential impact in terms of 
characterising the extension of existing fractures and the propagation of new ones as a result of both shear 
and tensile failure during caving.   

Table 1 Parameters used in the conceptual DFN - Block Analysis 

 Set 1 Set 2 Set 3 

Orientation (o) 000/90  090/90  000/00 

Fracture Length (m) 1, 2, 5 and 10m 1, 2, 5 and 10m 1, 2, 5 and 10m 

Linear Fracture 
Intensity P10 

1, 2, 3 and 4  1, 2, 3 and 4 1, 2, 3 and 4 

 

Figure 2 Average block volume (top) and number of blocks (below) as a function of the persistence 
factor, defined as the ratio between fracture length and problem scale (10m in this specific 
case) 
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(c) 

I III III  

Figure 3 (a) Relationship between mean rock block volume and number of blocks rocks for a given 
fracture spacing, (b) Qualitative and quantitative interpretation of the results in relation to 
the concept of massive-to-blocky rock mass and (c) Visualization of blocky rock masses at 
points I, II and III respectively. Assumed 10m box region 
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4.1 Implications for rock mass classifications systems 
Typically, rock mass characterisation systems such as the Geological Strength Index (GSI - Hoek et al., 1992 
and 1995) are a useful tool which serve the purpose of (i) identifying significant parameters influencing rock 
mass behaviour, (ii) deriving quantitative data for engineering design, and (iii) providing a quantitative 
measure to compare geological conditions at different sites. However, most important of all, rock mass 
classification systems do not adequately account for persistence of discontinuities. Cai et al. (2004) presented 
a quantitative method to assist in the use of the GSI system for rock mass classification, later verified by Kim 
et al. (2007), introducing the concept of equivalent block volume. Cai et al. (2004) suggested that the 
apparent block volume should be larger for rock masses with non-persistent joints; where the apparent block 
volume constitutes a form of blockiness index for the rock mass ( the greater the apparent block volume, the 
more massive the rock mass). Figure 4(a) shows the calculated apparent block volume according to an 
assumed characteristic length of 10m. Using the inverse of the number of the rock blocks estimated in the 
FracMan analysis in Figure 3 as a quantitative index of the character of the blockiness of the rock mass, 
Figure 4(b) shows the results obtained from the previous DFN analysis. There is a clear qualitative 
agreement between the trends estimated by the two different indices. Further work is currently underway to 
further investigate the application of a FracMan approach towards the definition of a readily measurable 
index that could provide a robust link with existing rock mass classification systems.  

(a) 

 (b) 

Figure 4 (a) Apparent block volume calculated for varying persistence factor according to Cai et al., 
(2004) GSI approach and (b) Blockiness character derived based on a DFN-Rock Block 
analysis. Assumed 10m box region 
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5 Modelling natural fragmentation using an integrated DFN-Block Analysis 
approach  

It is safe to assume that the number of blocks formed and both their volume and relative continuity within the 
geological model are strongly related to the geometry and number of intact rock bridges. If joints were 
assumed to be fully persistent, this would erroneously lead to more removable blocks than actually existed 
in-situ. A sequential sampling technique (i.e. the block analysis is performed repeatedly moving the 
simulated free-surface towards the box centre for an assumed incremental distance) has been used in the 
current analysis (Elmo et al., 2007). This technique requires the incremental distance to be small relative to 
the problem scale, the accuracy of the analysis increasing for very small incremental distances. Building on 
this approach, Figure 5 shows the results for DFN models generated within a 10m x 10m x 10m box region. 
The sequential analysis was carried out for a linear intensity (P10) of 1, 2 and 3 respectively, using the DFN 
models most closely representing the mean statistical distribution of the 50 Monte Carlo simulations used in 
the previous analysis. The green surface in Figure 5 represents the back of a hypothetical drawpoint cone.  

P10 1m Long Fractures 2m Long Fractures Sequential Analysis 

1 

  

2 

  

3 

  

Figure 5 Comparison between simulated rock blocks for a fracture length of 1m and 2m 
respectively and for a fracture intensity parameter P10 varying between 1 and 3. Assumed 
10m box region  
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The analysis was limited to a section of the box volume (30–stage sequential analysis, with an incremental 
distance of 0.1m); however, it is apparent that fracture length has a dramatic impact on the block forming 
potential of the two fracture systems for a given linear intensity P10 assuming the equivalence of all other 
properties. Figure 5 clearly shows that there is a decrease in the number of rock blocks, independently of 
fracture length, for models with relatively wider spaced fractures (i.e. decreasing linear intensity P10). 
Relatively short fractures (e.g. 2m in Figure 5) coupled with a relatively high intensity P10 can still produce a 
block assemblage characterised by very few and sparse intact rock bridges. Clearly, this would have major 
implications with respect to rock mass strength and secondary fragmentation. By interpreting the results with 
respect to block volume and number of blocks (calculated as the mean of all sequential stages), Figure 6(a), 
an attempt has been made to characterise the degree of natural fragmentation as a function of persistence 
factor and fracture spacing (inverse of fracture intensity P10), Figure 6(b). There is a need to extend the 
analysis to consider different combinations of the assumed initial parameters used to generate the DFN 
models and this is currently ongoing. 

(a) 

 

 I 

 

(b) 

 II 

Figure 6 Sequential analysis carried out for a rock volume above a hypothetical drawpoint cone 
(10m x 10m x 10m). (a) Variation of block volume and number of blocks (calculated as the 
mean value of all sequential stages) as a function of fracture intensity P10 with visualization 
of blocky rock masses at points I and II respectively and (b) Qualitative characterisation of 
the degree of natural fragmentation as a function of persistence factor and fracture spacing 

6 Discussion and conclusions 
This paper has discussed the effectiveness of a coupled DFN-Rock Block modelling approach for studying 
the continuity of rock blocks and associated rock bridges as a function of discontinuity persistence. The main 
advantage of the approach is that it relies on quantifiable field rock mass descriptors (fracture orientation, 
length and intensity) and it provides genuinely realistic geometric models of fracture networks. The analysis 
has shown that fracture persistence represents a critical parameter in the characterisation of a fracture model. 
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For a given fracture length and fracture intensity, the massive to blocky character of a hypothetical rock mass 
was quantitatively and qualitatively expressed as a function of mean block volume and number of fully 
formed blocks. Using a sequential sampling technique, it was demonstrated that the proposed DFN-Rock 
Block approach constitutes also a powerful tool for characterising and assessing the natural fragmentation of 
a rock mass, a key parameter to understanding cavability and cave propagation mechanisms. Research is 
currently ongoing to further extend and validate the proposed methodology by considering different 
combinations of fracture orientation, length, spacing and termination modes. 

References 
 
Cai, M., Kaiser P.K., Uno H., Tasaka Y. and Minami M. (2004) Estimation of rock mass deformation modulus and 

strength of jointed hard rock masses using the GSI system. Int. J. Rock Mech. and Min. Sci. Vol. 41, pp. 3-19. 
Chan, L-Y. and Goodman, R.E. (1987) Predicting the number and dimensions of key blocks of an excavation using 

Block Theory and joint statistics. In: Farmer IW, Daemen JJK, Desai CS, Glass CE, Neuman SP, editors. In: 
Proc. 28th US Symposium on Rock Mechanics. Tuscon: University of Arizona, pp. 81-7. 

Dershowitz, W. and Einstein, H.H. (1988) Characterizing rock joint geometry with joint system models. Rock Mech. 
and Rock Eng. Vol. 21, pp. 21-51. 

Dershowitz, W.S and Carvalho, J. (1996) Key-Block tunnel stability analysis using realistic fracture patterns. NARMS 
06. 

Dershowitz, W.S. and Herda, H. (1992) Interpretation of fracture spacing and intensity. In: Proc. 32nd U.S. Rock 
Mechanics Symposium, Santa Fe, New Mexico. 

Dershowitz, W.S., Lee, G., Geier, J. and Lapointe, P.R. (1998) FracMan: Interactive discrete feature data analysis. 
Geometric modelling and exploration simulation. User documentation. Golder Associates Inc. Seattle - 
Washington. 

Elmo, D., Yan, M., Stead, D. and Rogers, S. (2007) The importance of intact rock bridges in the stability of high rock 
slopes: Towards a quantitative investigation using an integrated numerical modelling – discrete fracture network 
approach In: Proc. Int. Symp. Rock Slope Stability in Open Pit Mining and Civil Engineering. Perth, Australia 

Golder, (2007) FracMan Version 6.54. FracMan Technology Group. www.fracman.golder.com. 
Hoek, E.T., Carranza Torres, C. and Corkum B. (2002) Hoek-Brown failure criterion - 2002 edition. In RocLab user’s 

manual. Rocscience. www.rocscience.com 
Hoek, E.T., Kaiser, P.K. and Bawden, W.F. (1995) Support of underground excavations in hard rock. A.A. Balkema 

Rotterdam 215 pp. 
Hoerger, S.F. and Young, D.S. (1990) Probabilistic prediction of keyblock occurrences. In: Hustrulid, Johnson, editors. 

Rock Mechanics Contributions and Challenges. Rotterdam: Balkema, pp. 229-236. 
Kim, B.H., Cai, M., Kaiser, P.K. and Yang, H.S. (2007) Estimation of block sizes for rock masses with non-persistent 

joints. Rock Mech. Rock. Eng. Vol. 40, pp. 145-168. 
Mauldon, M. (1998) Estimating mean fracture trace length and density from observations in convex windows. Rock 

Mech. and Rock Eng. Vol. 31, pp. 201-216.  
Moffitt, K.M., Rogers, S.F., Beddoes, R.J. and Greer, S. (2007) Analysis of slope stability in strong, fractured rock at 

the Diavik Diamond Mine, NWT. In: Proc. 1st Canada-U.S. Rock Mechanics Symposium. Vancouver. 
Rocscience, (2007) UNWEDGE. Rocscience Inc., Toronto. http://www.rocscience.com 
Rogers, S.F., Moffitt, K.M. and Kennard, D.T. (2006) Probabilistic slope and tunnel block stability analysis using 

realistic fracture network models. In: Proc. 41st US Rock Mechanics Symposium, Golden, Colorado. Paper 
ARMA 06/1052.  

Rogers S.F., Kennard, D.K., Dershowitz, W.S and van As. A. (2007) Characterising the in situ fragmentation of a 
fractured rock mass using a discrete fracture network approach. In: Proc. 1st Canada-U.S. Rock Mechanics 
Symposium. Vancouver. 

Starzec, P. and Tsang, C.F. (2002) Use of fracture-intersection density for predicting the volume of unstable blocks in 
underground openings Int. J. Rock Mech. and Min. Sci. Vol. 39, pp. 807-813. 

Staub, I., Fredriksson, A. and Outter, N. (2002) Strategy for a Rock Mechanics Site Descriptive Model Development 
and testing of the theoretical approach. SKB Report R-02-02. Golder Associates AB. SKB. 

Zhang, L. and Einstein, H.H. (1998) Estimating the mean trace length of rock discontinuities. Rock Mech. and Rock 
Eng. Vol. 31, pp. 217-235. 

Zhang, L. and Einstein, H.H. (2000) Estimating the intensity of rock discontinuities. Int. J. Rock Mech. and Min. Sci. 
Vol. 37, pp. 819-837. 



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Simulating irregular cave propagation using PCBC 

Nat Burgio  Director, Stratavision Pty Ltd, Australia 

Tony Diering  Vice President, Advanced Technologies, Gemcom Software International, Canada 

 

Abstract 
In recent years there has been a trend towards the establishment of block cave mines at greater depths, over 
relatively small footprints, and in competent rock mass environments. Block cave operators are also 
attempting higher cave columns in order to maximize the profitability from the extraction level. The ability 
for a cave to propagate vertically is less predictable in these environments. Recent developments in PCBC, 
using ‘Template Mixing’ algorithms, allow us to simulate the production impact caused by irregular cave 
propagation due to stable arching, overhangs or creation of haunches along the cave walls. Useful 
information is also gathered on the potential for the development of air pockets in the cave. 

Newcrest Mining Ltd is developing the Ridgeway Deeps block cave operation which is located under the 
existing Ridgeway sublevel cave mine. Structural and geotechnical information was used to derive three 
potential scenarios for cave propagation. These include a Freeflow case, with continuous caving to surface, 
and a Low and High Propagation case which assumes partial cave propagation.  The High Propagation 
scenario was adopted as the base case for the feasibility study as it represents the most likely outcome for 
cave propagation.   

1 Introduction 
Block cave operators with comparatively narrow footprints are forced to consider higher lift heights in order 
to maximize the profitability from the extraction level. The ability for a cave to propagate vertically is less 
predictable in these environments, particularly where height to width ratios exceed 2:1 (Flores et. al, 2004). 
Various cave propagation scenarios are possible and can range from cave arrest to partial breakthrough 
scenarios with overhanging surfaces (Figure 1). 

Stress analysis programs are also becoming increasingly important for predicting the growth of the cave back 
and flow modelling packages such as Rebop (Itasca Consulting, 2000) and Cellular Automata (Alfaro, 2004 
and Sharrock et al, 2004) are offering ways to model material flow and interactive draw characteristics. The 
reliability of the model outputs is directly related to the representative nature of the technical inputs 
including material properties, stress conditions, geological and structural interpretations. This relies on 
information from drill core, underground observations and our ability to interpolate this information 
correctly into other areas of the rock mass. The approach here was to use geological and structural 
interpretations, assisted by 3D geological models to predict the expected behaviour of the cave in order to 
generate an “end state scenario”, or final cave shape, which can be used to assess the impact on cave 
production. 

PCBC is a software program, developed by Tony Diering of Gemcom Software International, which allows 
an ore reserve and production schedule to be generated for a block cave mine (Diering, 2000).  PCBC is not 
a geomechanical flow package, however, it uses a set of empirical caving rules and assumptions which can 
be modified by the user to simulate material flow within the cave column. A template mixing depletion 
engine has been incorporated into PCBC that enables the user to consider how different flow mechanisms in 
a block cave influences ore recovery, production schedules and associated economics (Diering, 2007). Of 
particular importance is the impact of irregular cave propagation to the mixing characteristics of the flow 
columns. The Template mixing option in PCBC provided an easy and efficient method of analysing the 
impact of uneven cave propagation for the Ridgeway Deeps block cave operation.  



 

 1034

Cave Arrest Single OverhangIrregular Arrest

Partial Breakthrough

Double  Overhang

No Breakthrough

 

Figure 1 Cave Arrest Scenarios 

2 Ridgeway Deeps Block Cave Project 
The Ridgeway mine is operated by Newcrest Mining Ltd and is located in the Cadia Valley, approximately 
270kms west of Sydney, and 20 kms south of Orange, Australia. Ridgeway Deeps is a block cave operation 
currently in development.  The extraction level is approximately 1050 m below surface and 250m below the 
Ridgeway sub level cave (SLC) operation.  Drawbell construction is expected to commence in August 08. 

The Ridgeway orebody is a porphyry style copper-gold system characterized by sheeted and stockwork 
quartz veins. The veins are associated with Late Ordovician steeply dipping monzonite dykes that have 
intruded flat lying Forest Reefs Volcanics (volcaniclastics, lavas, subvolcanic intrusions, and minor 
limestone) and Weemalla Formation (siltstone, mudstone, minor volcaniclastics).  Spatially related pre-
mineral intrusions include monzodiorite and pyroxene porphyry dykes Holliday (Holliday et al, 1999). 

Several mine scale (>100m length) structures intersect and displace the orebody. The faults and shears are 
relatively thin commonly characterized by 10 to 50cm of sheared clays with occasional carbonate micro-
fracturing extending a few metres into the adjoining wall rock. The North, Purple, Delphin, Red and Claudia 
Faults are important structural features which have an influence the design and elevation of the extraction 
level (Figure 2). 

The host rocks within the mining block comprise of volcanic and sedimentary rocks intruded by monzonites. 
The cavability of the rock mass was assessed based on the Mining Rock Mass Rating system (MRMR) 
method classification developed by Laubscher (1990).  This requires footprint dimension to exceed the 
predicted critical hydraulic radius to induce continuous caving.  The MRMR was derived from drill core 
information, structural interpretations, and observations from previously mined out areas of the SLC above. 
The average MRMR for the mining block between 4790 and 4980RL is 52 with a range of 46 to 57 
representing the lower and upper quartile values respectively (Burgio 2005).   

The mining footprint comprises of 254 drawpoints arranged in an offset herringbone layout (Figure 3). The 
western half of the layout is positioned directly under the SLC whilst the eastern half is offset due to reverse 
dextral fault displacement across the Purple Fault. Whilst the hydraulic radius of the footprint is adequate for 
caving, a minimum span of 160m was established for the eastern area due to the relatively competent 
volcanic host rocks and absence of major faults (Burgio 2007).  
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Figure 2 Geology Cross Section  

 

 

Figure 3 Mining Footprint  



 

 1036

2.1 Cave Initiation 
Drawpoint development is planned to commence from the northeast corner of the footprint and advance in a 
southwesterly direction. The aim is to initiate the cave in the strongest (volcanic hosted) rock mass and 
progress to the weaker (sedimentary hosted) ore to the west.  The advantages of this approach were to; 

• Enhance stress caving in volcanic hosted rock 
• Commence in higher grade ore 
• Delay interaction with SLC operation 
• Delay rapid propagation in the weaker sediments 
• Favourable orientation to major structures 

The propagation of the cave was interpreted to be influenced by the following stages of development. 

Stage 1. Pre-Hydraulic Radius 

Cave undercut and drawbell development commence from the northeast corner of the footprint. The cave 
back position is expected to be relatively shallow due to the confined geometry and low production rates.  It 
is assumed that the cave height would grow at a rate equivalent to approximately 1:1 vertical to horizontal 
span ratio.  

Stage 2. Minimum Span 

When the mining footprint reaches the southern perimeter it has achieved the minimum span requirements of 
160m, however, due to the angle of the advancing undercut the hydraulic radius is approximately 25 and 
below that required for caving (HR~35).  Importantly, the Delphin and Red faults are being progressively 
undercut with sediments exposed along the southern perimeter.  

Stage 3. Post-Hydraulic Radius 

Exposures of the Delphin fault and weaker sediments are likely to enhance vertical migration along the 
southern and western borders whilst the Purple fault will encourage early breakthrough into the SLC above. 
Preferential migration of finely fragmented rocks from the sediments and SLC material will inhibit cave 
propagation across the eastern half of the footprint.    

2.2 Cave Propagation Scenarios 
As PCBC does not simulate dynamic geotechnical conditions a fundamental assumption is that the rate of 
cave propagation will meet or exceed the ramp up and steady state production levels required by the project.  
From a geotechnical perspective a block cave can be said to be technically commissioned when the cave has 
connected to surface, or the level above, thereby providing a full column of broken rock available for 
production. The possibility of irregular cave behaviour for Ridgeway Deeps, however, required special 
consideration and PCBC was used to estimate the recoverable resource and its effects on mine production for 
three plausible cave propagation scenarios comprising(Figure 4); 

Free Flow: Continuous caving conditions are assumed with the cave connecting to the SLC whilst the 
eastern area propagates 1050m to surface. 

Low Propagation: Early connection of the cave with the SLC causes the eastern area to propagate to a 
position at or below 5040RL creating an arched overhanging profile to the east. 

High Propagation (Base Case): Similar to low propagation case, however the cave reaches a height around 
5140RL or 350m above the extraction level due to the influence of the Purple Fault. This option was selected 
as the Base Case scenario for the feasibility study as it represents the most plausible outcome.   

The top of the economic mineralization occurs at a position between the low and high propagation positions, 
hence cave arrest in this area has a relatively minor effect on ore recovery. 
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Figure 4 Cave Propagation Scenarios 

3 PCBC Inputs 
The inputs into the PCBC model include a mixing horizon of 120m, the height below which cross drawpoint 
mixing occurs. The proportion of fines (<20cm) was set at 30% for the primary block and 100% for remnant 
SLC material.  Draw cones are treated in PCBC as static shapes which remain constant over the life of the 
drawpoint. In reality the cone shapes are more dynamic and further development is taking place to address 
these program limitations. The draw cone shapes were derived from the results of MineCave and REBOP 
modelling supplied by D.Rahal (2007). Two principle cone shapes were used comprising of ‘Medium’ sized 
cones for volcanic hosted ore, monzonite and more competent sediments along the eastern section of the 
footprint whilst ‘Fine’ sized cones were applied to the western sediments and fault impacted areas (Figure 5). 
The draw cone shape impacts recovery, edge dilution, material mixing and production capacity. Comparative 
test runs indicate that a reduction of 15% in reportable tonnes occurs if ‘Fine’ cones are applied to all 
drawpoints when compared to a footprint comprising of ‘Medium’ cones. This is due to unrecovered ore 
above the major apex. The feasibility study used 159 ‘Medium’ and 95 ‘Fine’ cone profiles. 
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Figure 5  Draw Cone Shapes for Sediments (Fine) and Volcanics (Medium) 
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3.1 Template Mixing 
The cave propagation scenarios considered during the feasibility study presented unique challenges for 
assessing the impact on production planning.  Conventional PCBC modelling was undertaken for the 
Freeflow case; however a more interactive scheduler, able to deal with irregular cave profiles, was necessary 
to simulate partial propagation.  Of particular interest was the dilution effect from SLC caved material and 
the potential for the creation of an air gap due to the presence of an overhang. 

A prototype application within PCBC called Template Mixing was used for the Low and High Propagation 
scenarios. The objective of the Template mixing is to try to predict the material which will be extracted at 
draw points, given a set of flow conditions, for use in a production schedule.  Template mixing algorithms 
has been developed to separate different flow mechanisms in a block cave (Figure 6) and allow the 
sensitivity of each of these to be studied to assess the impact on production schedules and associated 
economics (Diering, 2007).  

 

Figure 6 Types of Material Movement (Diering 2007) 

Legend  V -Vertical mix H- Horizontal mix, I- Inclined, T-Toppling, R-Rilling, O-Open pit 
failure, F-Fines migration, C- Chimneying, S-Stagnation, E -Erosion 

3.2 Production Scheduling 
The recoverable reserve was calculated for the three cave propagation scenarios (Table 1).  The High 
Propagation (Base Case) scenario generates a similar tonnage to the Freeflow case; however, grade recovery 
is lower due to increased horizontal mixing caused by internal rilling under the cave back. The lower tonnage 
recovery for the Low Propagation case is due to the unrecovered ore above the cave surface. This amounts to 
8% of the total available tonnage (Figure 7).   

Table 1 PCBC Recoverable Reserves 

Scenario Tonnes   
(MT) 

g/t Au % Cu Production 
(Months) 

Free Flow  51.6 1.09 0.44 125 
High Propagation (Base Case) 51.8 1.06 0.42 125 
Low Propagation 47.6 1.11 0.43 116 
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Figure 7 Depleted Reserves for Low Propagation Scenario 

The Free Flow scenario was run using conventional PCBC methods assuming vertical cave propagation. The 
tonnage outputs for the first 24 months of production from the Freeflow case was used as fixed inputs for the 
Low and High Stall scenarios. Discounted cash flow analysis is an effective method for the evaluation and 
comparison of different production schedules.  The production profiles, showing the relative value of ore, 
indicates that the overhanging surfaces beneficiate the grade within the first 5 years of production due to the 
delay in dilution entry (Figure 8).  This is more pronounced in the Low Propagation case as there is 
effectively no dilution entry from low grade or waste material above the overhanging cave surface.  Dilution 
entry is, however, more rapid towards the later years of production. Units in Figure 8 were removed for 
client confidentiality. 
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Figure 8 Comparative Cash Flow Profile  

A significantly higher proportion of low grade remnant SLC material reports for the Low Propagation case 
(Figure 9).  This is due to the more rapid migration and mixing of the SLC material which is forced to draw 
more laterally due to the overhanging surface. Dilution material must be mined at the same mining cost as 
ore in a block cave and cannot be separated.  There is also an increase in production demand from 

Unrecovered Ore 
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drawpoints under the SLC due to the limited height of draw from drawpoints under the overhanging surface. 
In general, the SLC material appears after approximately 32% of the tonnage is drawn. 
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Figure 9 Dilution Entry from SLC fines 

3.3 Air Gap Analysis 
Outputs from the template mixing process in PCBC provide some indication of the potential development of 
air pockets under overhanging surface. This information was used to highlight areas that will require 
monitoring and preconditioning with the use of hydraulic fracturing. For sensitivity analysis a 450 and 600 

internal rill angle was applied to the Low and High Propagation scenarios. The results indicate that 
drawpoints located under the overhanging surface remain filled when a 450 rill angle is applied (Figure 10). 
A small air gap is evident along the far eastern edge of the layout.  

 

 

Figure 10 Air Gap Development for Low Propagation Scenario 

Earlier analysis suggests that if the internal rill angle was closer to 600 then a significant number of 
drawpoints from the eastern crosscuts could be theoretically drawn empty for the Low Propagation scenario 
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(Figure 11). Results for the High Propagation case suggests all drawpoints remain covered however muck 
heights less than 50m can be expected.  
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Figure 11 Air Gap Development with 600 Rill Angle 

The High propagation scenario represents a more acceptable condition where minimum muck heights are 
generally above 60m within the first 5 to 6 years of production. The average air gap ranges from 30 and 60m 
during this same time.  A comprehensive monitoring program is being planned to determine the location and 
advance of the cave front. The production forecast will need to be adjusted according to the actual behaviour 
of the cave so as keep the air gap and muck height dimensions within acceptable operating conditions.  

4 Discussion 
Block cave operations with small footprints or high vertical to horizontal aspect ratios will need to consider 
not only the cavability of the rock mass but also whether the cave, once initiated, will propagate vertically or 
otherwise. The recent addition of Template Mixing to PCBC provides a mechanism to study the effects of 
irregular cave propagation. The Base Case scenario for the Ridgeway Deeps block cave assumes partial cave 
propagation across the eastern side.  The implications of this scenario have been assessed in terms of the 
impact on recoverable reserves and cash flow profiles.  The potential for development of air pockets provides 
some targets and guidelines for geotechnical monitoring. A hydraulic fracturing program will be 
implemented to improve fragmentation and cavability of the volcanic host rocks. However, the benefits of 
this preconditioning strategy have not been factored into the feasibility study until proof of concept can be 
established through impending tests and trials on the rock mass.  
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Abstract 
Block and panel caving are the lowest cost underground mining methods provided that dilution is kept to a 
minimum. Block caving methods use gravity (or stresses) to break and transport large amounts of broken 
rock from their in-situ location to drawpoints located in the production level. From previously being applied 
exclusively where rock mass competency was low which resulted in finely caved fragmented rock, block 
caving is today being used to extract a wider range of rock mass competences and therefore caved rock 
fragment sizes. The gravity flow nature of the caved rock is of fundamental importance when designing and 
operating block caving mines; in particular, when deciding the distance between drawpoints at the 
production level and defining draw control strategies for achieving optimal recovery with minimal dilution. 
In the last 4 years a considerable amount of industry funded research has been carried out at the University 
of Queensland to understand the fundamentals of gravity flow of coarse caved rock through the use of large 
3D physical modeling. This paper summarizes the new experimental findings some of which challenge the 
current understanding of gravity flow fundamentals. Discussion also is given regarding the application of 
experimental results for mine applications through a flow simulator developed in this research.  

1 Introduction and previous work 
In large scale underground metalliferous mining methods, and in particular in block caving, the 
characteristics of the gravity flow of broken ore and waste rock in addition to draw management practices, 
control the amount of valuable material recovered and the extent to which it is diluted by waste rock. Thus, 
the gravity flow characteristics of the caved rock influences engineering design such as the extraction level 
layout, in particular the spacing and location of draw point and draw control practices when a block cave is 
in operation (Brown, 2003). 

Current design guidelines for estimating optimal production level layout are based on the principle that both 
drawpoint spacing and draw control should promote conditions leading to a controlled drawdown of the ore 
waste interface (Laubscher, 1994; Kvapil, 2004). In block caving attempts are made to draw down the ore-
waste interface horizontally, while in panel caving this interface has an angle with respect to the horizontal. 
Consequently, current design guidelines for caving methods mainly define proper drawpoint spacing and 
draw control practices to avoid isolated draw conditions. If draw zones of individual drawpoints do not 
interact this will have an adverse effect on recovery and dilution. 

Observations of the gravity flow in granular materials have shown that the drawing through a single 
drawpoint results in the formation of two zones in the broken material: one that encloses a zone under 
motion (Isolated Movement Zone or IMZ) and another imaginary zone that encloses the material being 
extracted (Isolated Extraction Zone or IEZ) (Kvapil, 1965).  

In the literature there have been attempts to derive relationships between fragmentation, height of the draw 
column, drawpoint width and IMZ or IEZ geometries for mine design applications. Kvapil (2004) has 
postulated that the width of the flow zones reaches a maximum width at approximately 50 to 60 meters from 
the drawpoint brow. He proposed that the maximum width of the IMZ varies from 17 m to 23 m for 
fragmentations ranging from relatively coarse (10% < 1 m) to coarse (15% > 2 m). Laubscher (1994) 
postulated that the IMZ reaches a limiting width soon after extraction starts and that this width depends on 
fragmentation size. He suggested that the maximum IMZ´s width reaches values from 6 m for fine material 
(<0.3 m) to 13 m for the very coarse (<9m). Hustrulid (2000) proposed values for the maximum IMZ´s 
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width, based on design used by the industry, to be 6 to 16 meters for fine (0.2m) and coarse fragments (0.8 
m) respectively. The IMZ´s width estimates noted above appear not to correspond to actual measurements of 
IMZs, either using full scale or scaled models. 

As noted previously, once the IMZ has been determined drawpoints at the production level should be spaced 
at a given distance to achieve interaction which allows a controlled drawdown of the ore-waste interface. The 
published literature showed that there are two schools of thought about what draw points spacing leads to 
interaction. Kvapil (1965) and Kvapil et al (1989) have postulated that draw points should be spaced so that 
Isolated Movement Zones (IMZs) of adjacent draw points overlap. Laubscher (1994, 2000) proposed that 
draw points can be spaced up to 1.5 times the width of the IMZ if multiple draw points are drawn from 
simultaneously. The latter observation, know as interactive draw, has been derived from experimental 
observations in three dimensional sand models (Marano, 1980; Diaz, 1996; Susaeta, 2004) and numerical 
modelling (Verdugo and Ubilla, 2004; Pierce, 2006). Laubscher (2000) has indicated that the interaction of 
IMZs at larger distances occurs as a consequence of a re distribution of stresses in the unmoved zone, which 
causes its collapse and therefore a lateral expansion and interaction of the movement zones.  

The above hypotheses on isolated and interaction limits for coarse fragmentation were investigated through 
experiments carried out on a 3D Large Physical Model built at the University of Queensland. Also from the 
experimental program numerical tools were developed including a simulator of flow. A summary of the 
experimental studies and the flow simulator are described below. 

2 Large Physical Model  
The Large 3D Physical Model was designed to run simulations of flow for block caving under both isolated 
draw and interactive draw conditions. Variations of design parameters such as drawpoint dimensions were 
also incorporated in the design. The physical model main assembly is 3.5 m wide, 2.5 m long and 3.3 m 
high. It holds approximately 55 tonnes of aggregate. This represents the largest 3D physical model ever 
constructed to study flow in block caving using gravel as the model media (see Figure 1). 

 
Figure 1 Large 3D Physical Model 

The physical model was configured to represent modern block cave geometries using two different 
geometrical scales 1:30 and 1:100. The dimensions in the model were determined after conducting a 
benchmark of current mine design practice (Castro, 2006). At these scales the physical model attempted to 
represent the flow of coarse fragmented caved rock having a mean size of 0.7 m and a height of draw of 100-
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330 m. The model height was 3300 mm while the area under draw was 2380 x 2700 mm2, representing a 
scaled area of 5832 m2 in a 1:30 scale and 64,260 m2 in a 1:100 scale. Draw point dimensions were either 
120 mm wide x 100 mm high or 36 mm x 30 mm according to scale.  

The tests described in this paper were conducted using crushed phyllite gravel purchased from a local quarry. 
The gravel was air dried prior to being used in the experiments. This had the objective of avoiding cohesion 
due to capillary effects on the material’s fine fraction. During the experimental phase, two different media 
were tested, one using a narrow distribution (8mm-ND) and another using a wide size distribution (18mm-
WD) of particle sizes. Additional to those tests, experiments on IEZs for a 20 mm narrow distribution media 
conducted by Power (2004) were incorporated in the analysis. The cumulative size distribution for the 
different particle sizes is presented in Figure 2. 

 

Figure 2 Particle size distribution used in experiments 

3 Isolated draw 
Experiments to define the geometry of the IMZ for the first time in three dimensions as a function of mass 
drawn were carried out in the Large Physical Model (Castro et al, 2007). Results of the dimensions for the 
different particle size distributions are presented in Figure 3. This indicated that the width of the IMZ 
increases with the height of the column.  

 

Figure 3 Dimensions of the IMZ for different particle sizes 
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The use of a Large Physical Model to simulate flow gave the opportunity to obtain, under the ideal 
conditions of a granular model, the flow zones that could develop in practice when drawing coarse caved 
rock. With that aim experiments to study the scalability of experimental data were undertaken to define if 
scale distortion occurs, that is relative increase or decrease of quantitative results, when changing the 
geometrical scale in the physical model. It was found that for cohesionless materials results from a 1:30 
model could be obtained through experiments in the 1:100 model. As it was noted in the introduction current 
design guidelines for coarse caved rock have not been supported by experimental or full scale data and the 
physical model data could be useful to gain understanding of the IMZ´s dimensions at full scale. Scaled data 
for a relatively coarse (0.7 m) fragmented rock is presented in Figure 4. It is observed that the width of the 
flow zones continues to grow with height for the range of scaled heights analysed. This experimental result 
seems to be in agreement with the practical observation that in general larger heights of ore column tend to 
result in an improvement in ore recovery (Didyk and Vasquez, 1981) 
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Figure 4 Scaled values for the IMZs obtained from the physical modeling work. 

4 Interaction tests 
The second aim of the experiments run at the Large Physical model was to review the concept of interaction 
of IMZs for mass flow conditions. This was conducted in a 1:100 scaled model. Two large experiments, 
taking each approximately four months to completion, were carried out measuring the draw zone geometries 
and the vertical and horizontal stresses in order to define the limit of interaction when drawing in a block 
caving geometry.  

Load cells located in the model boundaries showed that stresses within the granular material changes as the 
material was under flow. As IMZs develops upwards the vertical stresses within unmoved zones increases 
while horizontal stresses decrease, in agreement to what was observed in three dimensional sand models 
(Heslop and Laubscher, 1981). However, in the gravel model interaction of IMZs at a given height only 
occurred when drawpoints were spaced at a distance smaller than the IMZ width at that movement zone 
height. The results showed a clear contrast to what was observed in physical models using sand and through 
numerical models. Because both the gravel and sand models are valid physical systems a cause-effect was 
investigated by identifying the main differences between the models; refer to Table 1. 
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Table 1 Differences between three dimensional sand and gravel models to represent flow in caving 
mines 

Property/ Item Large 3D sand models 
(Marano, 1980; Castro, 1997) 

Gravel Model 
(Castro, 2006) 

Particle shape Spherical Angular 
Granular internal friction angle 32° 41° 
boundary-material friction angle < 5° 25° 
Initial vertical stress (σzo) Equal to cover load 70% of cover load 
Maximum induced vertical 
stresses in the unmoved pillar 
during flow 

1.9 σzo 1.3 σzo 

 

From Table 1 it may be inferred that the main reason for the differences in model results is due to the use of 
a boundary and materials that promoted or inhibited shear failure of the unmoved pillar between IMZs. In 
terms of stresses, in the case of sand models the use of a Perspex boundary represents an infinite area of draw 
as this inhibits the natural arching of stresses that occurs when a granular material is contained in a volume 
(Janssen, 2004). While this may represent conditions of an infinite area of draw, it is most probably that 
block caves would develop stress arching as the flow of broken rock would occur with a boundary that 
would have a relatively high friction angle. Rough walls would result in more stress arching than even the 
values measured in the gravel physical model as their friction angle would approach that of the caved rock. 
In that context, it is postulated that the gravel model may be a more accurate representation of the flow of 
broken rock in a block caving situation resulting in coarse caved rock than the sand models used to date to 
study movement zone interaction. Movement zones in most of current block cave operations may therefore 
not interact at a drawpoint spacing greater than the width of the isolated movement zone. The width of the 
movement zone also appears to continue to depend on its height and may not reach a limit. 

5 Flowsim: a simulator derived from physical model observations 
The observations of isolated draw and the interaction of IMZ obtained through physical modelling were 
incorporated in a flow simulator based on cellular automata called Flowsim (Castro, 2006; Castro and 
Whiten, 2007). This simulator has the aim to develop an engineering tool to determine the dilution entry 
point, mixing of grades and recovery in a real block cave scenario. Additionally it was thought that after 
being calibrated using scaled physical modelling data, the results from the simulations could help validate 
the quantitative data obtained in the scaled experiments. 

Flowsim is a cellular automaton model as it uses local rules that intend to simulate the gravity flow from 
discrete elements that change their state through local rules. The movement of grains is simulated through 
two mechanisms one incorporating the increase in porosity (geometry of the IMZ) and another rule 
incorporating the movement of particles driven by gravity. Both local rules are summarised by two adjusting 
parameters which require calibration through experimental data. A clear difference with discrete element 
methods as those developed by Cundall (Cundall and Stracks, 1979), is that in Flowsim particle shape or 
forces are not explicitly calculated. These simplifications were intentionally made so that Flowsim could run 
faster than other methods based on discrete elements. This does not necessarily mean a loss in the 
rigorousness of the model, as the aim of a mathematical flow model for block/panel caving applications is to 
help in defining the design or draw control practices for a large number of drawpoints and elements. Once 
implemented the goodness of fit was determined by comparing simulated results to those obtained through 
the Large Physical Model.  

Flowsim has the main characteristic of being able to replicate in a realistic way the geometry of the IMZs 
obtained through physical modelling and to simulate those conditions quickly. The advantage of Flowsim is 
the ablity to simulate not only isolated draw but block caving and panel caving where IMZs have different 
geometries according to the amount of extracted material (see Figure 5 and 6). In these figures, the coloured 
layers represent different materials while the white dots represent the porosity created through the removal of 
material at a drawpoint. This simulator can also calculate the IEZ; that is the extracted zones for further 
comparisons.  
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Figure 5 Isolated draw simulated in Flowsim 

 

Figure 6 Simulation of a Panel caving using Flowsim 

5.1 Calibration of Flowsim through physical model data 

Flowsim´s input parameters were calibrated for all data obtained through the physical modelling program 
and reported in detail in Castro (2006) and Castro and Whiten (2007). An example of simulated and actual 
3D physical modelling measurements of the geometry of the IMZ is presented in Figure 6, which shows that 
within the limits of experimental error simulated IMZs geometries are close to those measured 
experimentally.  
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Figure 7 Comparisons between experiments and simulated IMZ geometry 

5.2 Validation of Flowsim using mine scale data 

Validations of FlowSim with mine data were carried out using grades obtained during the exploitation of 
Esmeralda sector of El Teniente Mine in Chile. In these simulations similar parameters than those obtained 
through physical modeling were used as the fragmentation in this mine was coarse for the primary ore 
(Barraza and Corkran, 2000). Clusters of drawpoints were selected randomly and the history of extraction 
simulated. As show in Figures 8 and 9, the general trends for extracted grades were obtained with Flowsim.  
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Figure 8 Simulated and actual grades Esmeralda mine – El Teniente mine 
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Cluster 2 Drawpoint Punto 1112F 
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Figure 9 Simulated and actual grades from Esmeralda sector- El Teniente mine 

It is observed that in general the calibrated parameters seem to fit well the observed extracted grades. 
Validations under the draw of multiple drawpoints using experiments were under concurrent or ideal draw in 
a block caving extraction strategy. Replications of real (non ideal) draw strategies in the large physical model 
could be useful to understand gravity flow patterns that could develop in practice and to obtain valuable data 
for further validation of numerical models under different draw conditions. 

6 Conclusions 
In the last four years a significant amount of research has been carried out with the aim of investigating the 
flow characteristics of coarse caving rock and to develop from a Large 3D Physical Model a simulator that 
could be used for mine design purposes and the following was concluded:  

• The width of isolated movement zones for coarse materials do not appear to reach a limit and 
continue to increase with height for scaled heights up to 330 m. This experimental result seems to be 
in agreement with the practical observation that in general larger heights of ore column tend to result 
in an improvement in ore recovery.  

• Investigations of the limit of interaction for IMZs in the Large Physical Model showed that this only 
occurs when the spacing of drawpoints is smaller than the IMZ width at a given height. With respect 
to past results in large 3D sand models, where it was interaction was observed at larger drawpoint 
spacings, these results indicate that interaction rules are not universal but depend on the shear 
strength properties of the material as well as boundary conditions. It is recommended that interaction 
should not therefore be used as a mechanism for engineering decisions until more research is 
conducted at the full scale to confirm the dimensions of the IMZ.  

• A rapid simulator of flow was developed during this research. Calibrations were carried out using 
the data from the Large Physical Model. Validations of Flowsim using full scale data were carried 
out that showed a good correlation between simulated and extracted grades in an actual mine 
exploiting coarse caved rock. This also tends to confirm the results obtained in the physical model 
and more research is underway to further validate this approach with additional full scale. 
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Abstract 
The prediction of the grades (dilution and ore) in block cave mines is always a complex process especially 
due to the nature of this production method. The information used to estimate grades for the production 
schedule is derived from the Block Model, geotechnical and metallurgical information, as well as resource 
categorization.  This combined with knowledge of fragmentation and mixing process allows the simulation of 
caving and the calculation of dilution entry. 

There are several tools to model the mixing process and improve the grade prediction.  Probably the best 
way to get the correct parameters to apply in the mixing algorithm is to compare the forecast results with the 
actual grade data.  This process is called “Calibration”.  Generally the elements used to calibrate the 
mixing models are grades and geological observations as dilution or rock types.  These observations provide 
valuable information to understand how the material is moving allowing us to better understand physical 
effect such as isolated draw, lateral migration, rilling, toppling, etc. 

1 Introduction 
The production scheduling of a block cave mine is always a challenge, because it is a combination of several 
inputs and assumptions.  In term of the results, the tonnage and grades reported by period are amongst the 
most important.   In particular, the prediction of the grades is very important, because it is the basis for the 
economic evaluation. This prediction is done using the information from the block model and applying 
various mixing algorithms. The mixing parameters simulate the mixing dynamics inside the cave.  This is 
one of the biggest assumptions and when the mine is in operation, it is necessary to do this on a regular basis 
to enable the most accurate predictions for the future of the cave 

This paper describes a study done by Freeport to calibrate the mixing parameters for the DOZ mine. The 
calibration was done using mixing models implemented in the PCBC software from Gemcom Software 
International (Diering 2000).  

The results were very encouraging and were useful in understanding the relative effects of block model 
grades and mixing.  They have improved the confidence in future grade forecasting for the DOZ mine. 

2 PT Freeport’s DOZ mine 
The DOZ Mine is part of the P.T. Freeport Indonesia (PTFI) copper and gold mining complex. It is located 
in the Ertsberg Mining District in the province of West Papua, Indonesia (see Figure 1). The Ertsberg District 
is located in the Sudirman Mountains at elevations from 3000 to 4500 metres above sea level. The 
topography is extremely rugged and rainfall at the mine area averages 3000 mm (118 in) per year. 
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Figure 1 Freeport location 

The DOZ Mine commenced pre-production development in 1997 and initiated caving in November 2000. 
The feasibility study called for a production ramp up to 25,000 tpd by January 2004, a little more than a three 
year production ramp up period before achieving steady state. During the development and pre-production 
periods exploration drilling continued and the orebody was expanded. Operational ore demands from the rest 
of the PTFI mining area challenged the production ramp-up plan and required that the DOZ Mine achieve 
25,000tpd by September of 2002, nearly a year and half ahead of the original schedule. The additional ore 
reserves and production demands also made an expansion to 35,000tpd economically viable and this 
expansion occurred between October 2002 and March 2003. The DOZ mine produced at an average of 
40,500tpd in 2003 to meet additional ore demands for the operation. (Barber J, Thomas L and Casten T, 
2000) 

As of writing this paper the DOZ has produced at a peak of 59,800 tpd in October 2007 (Prasetyo) with an 
average YTD production rate of 53,200 tpd (Prasetyo). 

3 PCBC and mixing algorithm 
PC-BC is a program developed by Gemcom Software International (Diering, 2000), It is a tool for use by 
planning engineers for use in feasibility studies as well as in operating mines.  It allows a numerical model to 
be set up which subsequently allows the draw columns above draw points to be simulated. By doing this, we 
are able to compute mineable reserves for a variety of scenarios as well as produce production schedules 
giving tons, grade and other economic information. Features of PC-BC include: 

• Sophisticated empirical mixing models allowing for vertical and horizontal mixing as well as the mixing 
which results from toppling or sliding of material close to surface. 

• Definition of mineable reserves using best height of draw technique which allows for easy delineation of 
practical footprints as well as sensitivity studies of price and mining cost variations 

• Generation of numerous production schedules to study the interaction of the key scheduling parameters, 
such as total production rates, rate of commissioning of new draw points, draw point maturity curves (or 
Production Rate curves per draw point) and cave draw down scenarios. 

• More recently, another mixing method, called Template Mixing, was added to PCBC.  (Diering 2007). 

4 Calibration process 
The calibration process is a back analysis in which the sampled grades are compared with the estimated 
grades, using the tonnages reported by draw point. In general this process is iterative and requires several 
runs to get the best scenario. Thereafter it is possible to analyze specific conditions by dividing into smaller 
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areas to get a better understanding about the mixing process.  This in turn enables a better prediction for the 
future grades. 

In this study all the historical production data was used from November 2000 to May 2007. The information 
provided were monthly tonnages and grades (Cu and Au). The following figure shows the past tons and 
number of active draw points per period. 

0

50

100

150

200

250

300

350

400

‐

200,000 

400,000 

600,000 

800,000 

1,000,000 

1,200,000 

1,400,000 

1,600,000 

N
ov
,0
0

Fe
b,
01

M
ay
,0
1

A
ug
,0
1

N
ov
,0
1

Fe
b,
02

M
ay
,0
2

A
ug
,0
2

N
ov
,0
2

Fe
b,
03

M
ay
,0
3

A
ug
,0
3

N
ov
,0
3

Fe
b,
04

M
ay
,0
4

A
ug
,0
4

N
ov
,0
4

Fe
b,
05

M
ay
,0
5

A
ug
,0
5

N
ov
,0
5

Fe
b,
06

M
ay
,0
6

A
ug
,0
6

N
ov
,0
6

Fe
b,
07

M
ay
,0
7

# 
A
ct
iv
es
 D
P

To
nn

ag
e

Period

Past Tons #Actives Dp

 

Figure 2 DOZ historical data 

The mixing scenarios evaluated were the following: 

• Vmix 150-2: Vertical Mixing with Mixing Horizon=150m and 2 cycles 

• Vmix 200-2: Vertical Mixing with Mixing Horizon =200m and 2 cycles 

• Vmix 100-2: Vertical Mixing with Mixing Horizon =100m and 2 cycles 

• Template Mixing:  This is a new algorithm in PCBC and was used as a comparison, but was not the main 
source of calibration for this study. 

The vertical mixing referred to above was originally derived from the concept of Height of Interaction zone 
described by Laubscher (1994).  The higher the mixing horizon, the more dilution and mixing would be 
expected to occur. 

Table 1 shows summary results including the correlation (R2) with the sample data (this calculation was 
done using a minimum of 30 active draw points per period)  

Table 1 Statistical analysis of mixing scenarios 

CU AU CU AU CU AU CU AU CU AU
Minimum 0.88       0.57       0.86       0.50       0.91       0.53       0.87       0.51       0.85       0.50       
Maximum 3.23       1.26       2.89       1.36       2.94       1.27       2.90       1.38       2.94       1.34       
Average 1.50       0.80       1.36       0.79       1.42       0.81       1.38       0.80       1.38       0.79       
Stand Dev 0.57       0.13       0.51       0.18       0.56       0.18       0.51       0.19       0.54       0.18       
Correlation - - 95.3% 70.6% 90.2% 64.2% 95.3% 70.3% 95.4% 68.1%

Template MixSamples Vmix 150-2 Vmix 200-2 Vmix 100-2
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The curves generated for each mixing scenario show in general that the trends are very similar.  The 
modelled grades are generally lower than the assayed grades.   Based on this trend, he best option was using 
a vertical mixing with MH=150m and 2 cycles.  This set of parameters was thus used for further analysis.. 

Figure 3 shows the correlation between sample data and estimated grade using the selected mixing option: 
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Figure 3 Correlation graphs (sample data vs. estimated grade) 

It is important to note that the original mineable reserve for DOZ was calculated using the same scenario 
(vertical mixing with MH=150m and 2 cycles).  This original set of parameters was computed from historical 
mining for the overlying IOZ mining block also combined with an assumption that the draw control for DOZ 
would be better than had been the case for the older IOZ block.  The historical data shows that the previous 
selection of parameters was appropriate, since the trend in both cases (Cu and Au) is good.  It was hoped to 
be able to improve this prediction by analyzing in detail specific periods where the biggest differences were 
detected.  In this case the copper profile shows the worst correlation between August 2002 and August 2004.  
The next step was to analyze in detail per Panel or Cross-cut to get better information to understand the 
differences.  Figure 4 shows the comparison of the estimated and sample grade for Cu and Au. 
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Figure 4 Comparison graphs estimated and sample grade for Cu and Au 

Also note that the draw point opening sequence used in DOZ started from Panel 13 in SE direction for 4 
years.  Once the entire layout was developed in the south east direction, Panel 12 was opened, the opening 
sequence continued in NW direction. Figure 5 shows the opening sequence colored by year. 
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Figure 5 DOZ layout area 

4.1 Results by panel 
Figure 6 shows the results for Panel 24. It is a good example to show how the record from the mine sampling 
does not correlate fully with the modelled results, because it shows from the beginning a big difference with 
the estimated grade.  It is believed that much of this difference is attributed to the difficulties associated with 
the assaying of coarse fragmentation.  Also, it is possible that the tonnage records for the initial (coarse 
fragmentation) draw points may be less. 
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Figure 6 Grade profile for Panel 24 
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Figure 7 Grade profile for Panel 20 
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Figure 8 Grade profile for Panel 16 

‐

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

3.50 

4.00 

4.50 

5.00 

N
ov
,0
0

Ja
n,
01

M
ar
,0
1

M
ay
,0
1

Ju
l,0
1

Se
p,
01

N
ov
,0
1

Ja
n,
02

M
ar
,0
2

M
ay
,0
2

Ju
l,0
2

Se
p,
02

N
ov
,0
2

Ja
n,
03

M
ar
,0
3

M
ay
,0
3

Ju
l,0
3

Se
p,
03

N
ov
,0
3

Ja
n,
04

M
ar
,0
4

M
ay
,0
4

Ju
l,0
4

Se
p,
04

N
ov
,0
4

Ja
n,
05

M
ar
,0
5

M
ay
,0
5

Ju
l,0
5

Se
p,
05

N
ov
,0
5

Ja
n,
06

M
ar
,0
6

M
ay
,0
6

Ju
l,0
6

Se
p,
06

N
ov
,0
6

Ja
n,
07

M
ar
,0
7

M
ay
,0
7

Cu
 (%

)

Period

Panel 13 Actual Cu Vmix Cu

 

Figure 9 Grade profile for Panel 13 
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Figure 10 Grade profile for Panel 12 

The graphs shown above show that the trend is very consistent between sampled and estimated grades and in 
general every Panel shows a good correlation except for Panel 13 and 12.  These are described below. 

4.2 Panel 13 / 12 interface 
Panel 13 was opened at the start of mining for DOZ.  Panel 12 was opened some 4 years later when mining 
in panel 13 was almost complete.  A consequence of this is that it is believed that some of the ore reserves 
originally allocated to panel 12 were actually mined out as part of panel 13 mining.  Subsequently, the 
mining of panel 12 encounters more dilution (and lower grades) than originally expected. 
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Figure 10 Grade profile for P13-06W 

This is shown in figure 10 (above) and figure 11 below.  The grades in panel 13 were higher than what was 
forecast by the model and lower for panel 12. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

N
ov
,0
0

Ja
n,
01

M
ar
,0
1

M
ay
,0
1

Ju
l,0
1

Se
p,
01

N
ov
,0
1

Ja
n,
02

M
ar
,0
2

M
ay
,0
2

Ju
l,0
2

Se
p,
02

N
ov
,0
2

Ja
n,
03

M
ar
,0
3

M
ay
,0
3

Ju
l,0
3

Se
p,
03

N
ov
,0
3

Ja
n,
04

M
ar
,0
4

M
ay
,0
4

Ju
l,0
4

Se
p,
04

N
ov
,0
4

Ja
n,
05

M
ar
,0
5

M
ay
,0
5

Ju
l,0
5

Se
p,
05

N
ov
,0
5

Ja
n,
06

M
ar
,0
6

M
ay
,0
6

Ju
l,0
6

Se
p,
06

N
ov
,0
6

Ja
n,
07

M
ar
,0
7

M
ay
,0
7

Cu
 (%

)

Period

P12‐06E Actual Cu Vmix Cu

 

Figure 11 Grade profile for P12-06E 

4.3 Results for East side 
Figure 12 shows the draw points to the east side of the layout.  This shows the actual (sampled) grade is very 
high compared with the block model.  It is possible that the block model was too lows could be the case if 
high grade assays had been cut too severely. 
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Figure 12 Grade profile for Panel 27 
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As mentioned before, another option to explain the difference between Actual and Model grade is the block 
model.  The following pictures show drillhole traces for DOZ.  This gives a visual impression as to the 
density of the holes in different parts of DOZ. 

 

Figure 13 Isometric view of DOZ and drillholes 

In general it is possible to observe that the Center area has moref information than the East and West sides.  
The vertical sections in figure 14 were prepared using a 7.5 meters projection distance either side of the view 
corridor, and each section is in line with the draw pois for panel 24E and 24W..  It is clear that there are not 
too many drillhole traces / intersections for panel 24W, although panel 24E is well covered.   

This is by no means an exhaustive analysis, but it does demonstrate that block model variances are just as 
important as other sources for grade variance such as mixing and mining sequence. 

Panel 24E 

 

Panel 24W 

 

Figure 14 Block model for Panel 24E and Panel 24W 

4.4 Variable cone geometry for Panels 12 and 13 
For the last analysis of this study, we look at the panel 12 / 13 interaction once again.  One way to simulate 
the horizontal migration from panel 12 over to 13 is to increase the draw cone radius for panel 13 draw 
points and decrease the cone radius for panel 12 draw points.  The effect of doing this is to add reserves (and 
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higher grade material) to panel 13 at the expense of panel 12.  The following figure shows a plot of the 
modified draw cone radii.  This effect can be further enhanced by tilting the inclination of the panel 13 draw 
points towards panel 12. 

At 18m above of Extraction level 

 

At 300m above of Extraction level 

 

Figure 15 Inclined draw point from Panel 13 to Panel 12 

The changes to the grade results for these two panels are shown in figures 16 and 17.  The increase in 
modelled grades for panel 13 is clear as is the corresponding reduction in grades for panel 12.  This supports 
the argument that lateral migration of material takes place between the two adjacent panels (when they are 
mined at very different time periods). Panel 13 takes ore from panel 12.  Panel 12 takes residual dilution 
material from panel 13.  At this stage, these results do not constitute “proof”.  Further analysis is suggested.  
In addition, the new mixing algorithm (Template Mixing) should be able to model this interface more 
realistically, but this has not yet been done in detail. 
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Figure 16 Copper grade curves for P13-03W 
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Figure 17 Copper grade curves for P12-04E 
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4.5 Other considerations 
In addition to the various effects described in the previous sections, there are some additional considerations: 

• In some of the draw points, wet muck is encountered.  In these cases, sampling is more difficult due to 
access to the draw points being restricted. 

• It is possible that the procedures for cutting of high grade samples could be improved.  Generally when 
the assays deviate from the model, it is more likely to be on the “high grade” side. 

5 Conclusions 
The results presented above demonstrate that the vertical mixing model in PCBC is a good method for 
evaluation of mineable reserves in a block cave mine.  The panel based comparison was particularly 
encouraging.  

Closer inspection of panels 24, 12 and 13 showed some greater deviations which suggest ways to improve 
similar analyses in the future: 

• Mining sequence particularly at major caving boundaries can result in horizontal migration which is 
not typically included in simple vertical mixing model 

• The estimation of block model grades cannot be better than permitted by the available drillhole 
information.  Higher grade variances should be expected in areas of lower drilling density.  In some 
areas, the block grades were quite constant suggesting a possible lack of data in these areas. 

• The vertical mixing (as used here) generally assumes even draw with good draw compliance.  If the 
tonnages are drawn in an irregular manner, then more mixing would be expected. 

• Difficulties in assaying coarse fragmentation material. 
• Difficulties to accurately record mined tonnages in areas of coarse fragmentation. 
• Assays problem due to wet muck conditions 
• Bad tons records because dispatch cannot track wet muck loading 

In summary, there are several aspects of the calibration process which are beneficial.  Calibration helps in an 
understanding of the material mixing process taking place in a conventional block cave mine.  It also 
improves the ability to predict future grades to be mined and the confidence in those grades.  Regular 
sampling at draw points should allow sufficient resolution to be able to study grade effects for different 
mining panels. 

Is is often stated that individual draw points are unreliable.  However, this study clearly shows the benefits of 
a comprehensive sampling program and the corresponding calibration process. 
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Abstract 
Fines migration in a block cave can be characterised by the faster movement of fine material towards the 
draw point in comparison to larger, blocky material. This phenomenon can result in the percolation of waste 
material into the fragmented orebody, thereby reducing the concentration of mineralisation in the caved 
material. A greater understanding of the kinematic behaviour of fines and ore within the cave during draw is 
integral to the solution of this problem. In this paper, a novel computational framework is presented that 
couples a continuum model for the simulation of the fines with the DEM for the simulation of large blocks. 
The lattice Boltzmann method (LBM), which is an emergent continuum model for fluids, is employed in a 
nonlinear form for the simulation of the fines. Some of the issues relevant to this novel approach, such as 
fluid-solid interaction, the coupling of explicit schemes, and the characterisation of a bulk material as a non-
Newtonian fluid are discussed. Preliminary 2D results are presented which indicate the capability of the 
framework for application in field-scale, 3D problems. 

1 Introduction 
Fines migration in a block cave can be characterised by the faster movement of fine material towards the 
draw point in comparison to larger, blocky material. This phenomenon can result in the percolation of waste 
material into the fragmented orebody, thereby reducing the concentration of mineralisation in the caved 
material and consequently reducing operational efficiency (Laubscher, 2000). 

A greater understanding of the kinematic behaviour of fines and ore within a cave during draw is integral to 
the solution of this problem. Some of the current approaches include field marker monitoring, laboratory 
scale experiments, and computational techniques such as the discrete element method (DEM) (Pierce, 2004) 
and REBOP (Lorig and Cundall, 2000). DEM has been successfully employed to simulate the dynamics of 
large blocks in a cave during draw and to simulate small scale migration problems. However, the extension 
of this approach to modelling large scale migration of fines would require the simultaneous solution of 
elements greater than 2m (blocks) and smaller than 20mm (fines). In an industrial size, 3D model this 
method would require in the order of 108 particles and subsequently be intractable. 

In this paper, a novel computational approach is presented that incorporates the lattice Boltzmann method 
(LBM) in a nonlinear form for the simulation of the fines with the DEM for the simulation of large blocks in 
a fully coupled framework. The LBM (McNamara and Zanetti, 1988) has emerged as an alternative to 
conventional computational fluid dynamics (CFD) methods, which employ a spatial and temporal 
discretisation of the Navier-Stokes equations. A key advantage of the LBM over traditional CFD (see 
Tezduyar (2001) for a review) is its ability to be efficiently and robustly coupled to a large number of 
densely packed discrete elements. Employing the discrete element method (DEM) to account for particle-
particle interactions gives rise to a fully coupled LBM-DEM computational framework capable of simulating 
dense phase particle suspensions. The explicit time stepping scheme of both LBM and DEM, when coupled 
using a dynamic time step update algorithm, makes this strategy a competitive numerical tool for the 
simulation of particle-fluid systems. Such a coupled methodology was first proposed by Cook et al. (2004) in 
simulating particle-fluid systems dominated by particle-fluid and particle-particle interactions. 

In this work we propose to model the fine particles as a non-Newtonian fluid and thus the standard LB 
formulation for Newtonian fluids must be extended to capture the constitutive behaviour of a bulk material. 
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In the relatively small volume of work dedicated to non-Newtonian LBM fluids the power law model has 
received the most attention. The LBM implementation of power law fluids has been undertaken (Aharanov 
and Rothman, 1993; Sullivan et al., 2006) to investigate both pseudoplasticity (shear thinning) and dilatancy 
(shear thickening) behaviour. A similar approach is adopted in this work along with investigations of the 
adaptation of Bingham plastic and Mohr-Coulomb material models to the LBM. 

The use of the term ‘fines’ in this work is primarily governed by the relative distribution of oversize and 
undersize in a cave, and thus not necessarily quantified by one specific size grade. The American Society for 
Testing and Materials (ASTM) has proposed a system for the classification of soil particles based on size, 
which has been widely adopted (McMinn, 1970). According to this system the term ‘fines’ refers to particles 
with diameter less than 0.074mm. However, in the context of this project the term ‘fines’ is used to refer to 
material within the cave which is significantly smaller than the dominant blocks, which have characteristic 
lengths in the order of a metre. This would incorporate at least the particle classes of fine gravels (4.76mm – 
19mm), sands (2mm – 0.074mm) and fines ( < 0.074mm) and any future use of the term ‘fines’ in this work 
should give consideration to this fact. 

This paper presents some of the issues relevant to this novel approach to fines migration modelling, such as 
fluid-solid interaction, the coupling of explicit schemes, and the characterisation of a bulk material as a non-
Newtonian fluid. Preliminary 2D results are presented which indicate the capability of the framework for 
application in field-scale, 3D problems. 

2 The Standard Lattice Boltzmann Formulation 
The lattice Boltzmann method (LBM) has emerged as a promising numerical method for the simulation of 
fluid flows. It stands as an alternative to the more established CFD approaches which involve the 
discretisation and solution of the classical macroscopic hydrodynamic equations such as Navier-Stokes. 

In contrast to Navier-Stokes CFD, the primary variables in the LBM are the particle density functions, fi, 
which exist at each of the grid nodes that make up the fluid domain (Chen and Doolen, 1998). These 
functions are real variables and they relate the probable amount of fluid ‘particles’ moving with a discrete 
speed in a discrete direction at each node at each time increment. The LBM solution is evolved by the 
streaming and collision of the particle density functions between grid nodes. In the context of single phase 
fluid analyses the LBM offers various advantages over Navier-Stokes CFD, including the potential for using 
a Eulerian grid, high space-time resolution, full scalability on parallel computers, as well as efficient and 
robust implementation in complex fluid domains (Chen et al., 2003). As a consequence of these and other 
positive aspects, the LBM has found application in a vast array of fluid flow problems including 
magnetohydrodynamics, multiphase and multicomponent flows, flow in porous media, turbulent flows and 
fluid-particle interaction. 

The discretisation of space and velocity is achieved by the selection of an appropriate lattice grid for the fluid 
domain, such as the D2Q9 (Qian et al., 1992) lattice (Figure 1). In this 2D scheme the fluid ‘particles’ at 
each node are allowed to move to their eight immediate neighbours with eight different velocities ei, (i = 1,… 
,8), as shown in Figure 1. A proportion of the particles can remain at the node, which is equivalent to moving 
with a zero velocity e0. Using the numbering system shown in Figure 1, these nine discrete velocity vectors 
are defined as in Equation 1. 
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( ) ( ) ( ) ( )⎪⎩
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e
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The lattice speed is given by c = h/Δt, with Δt the discrete time step. There are thus nine fluid density 
distribution functions, fi (i = 0,…,8), associated with each node in the D2Q9 model. 

In the LBM the particle density functions evolve via a two-step process at each time increment. The 
streaming process shifts the fi’s to the nearest node in its velocity direction, and by doing this conserves mass 
and momentum globally in the fluid domain. The collision process redistributes the fi’s at each node 
according to their input state, and by its definition conserves mass and linear momentum locally. The popular 
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Bhatnagar-Gross-Krook collision operator (Bhatnagar et al., 1954) relaxes the fi’s towards their 
thermodynamic equilibrium using a single-time relaxation parameter, τ. The evolution of the standard fi’s is 
governed by the lattice Boltzmann equation, as shown in Equation 2. 

 

Figure 1 Schematic showing (left) the discretisation of a rectangular fluid domain using the 
D2Q9 lattice and (right) the nine particle density functions at each D2Q9 lattice node. 
The orthogonal lattice can be applied to irregular domains in a straightforward 
manner. 

( ) ( ) ( ) ( )( )tftftftttf eq
iiiii ,,1,, xxxex −−=Δ+Δ+

τ
 (2) 

The thermodynamic equilibrium of the lattice Boltzmann particle density function is represented in 
Equation 2 as fi

eq(x,t). Within the lattice Boltzmann method the equilibrium distribution function is not 
unique (i.e. a number of slightly varying forms are possible), however the form used in this work can be seen 
in Equation 3 with weighting factors, wi, of the form w0 = 4/9; w1,2,3,4 = 1/9; w5,6,7,8 = 1/36. 

( ) ( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −⋅+⋅+= 2

2
2

42 2
3

2
931, u

ccc
wtf iii

eq
i ueuex ρ      (i = 0,…,8) (3) 

The macroscopic fluid variables, density ρ, and momentum flux, ρu, can be calculated at each node from the 
particle density functions via Equations 4. 
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The fluid pressure field p is determined by the equation of state p = ρcs
2 where cs is termed the fluid speed of 

sound and is related to the lattice speed c as cs
2 = c2/3. 

The kinematic viscosity, ν, of the fluid is implicitly determined by the model parameters, h, Δt, and the non-
dimensional relaxation parameter, τ as in Equation 5 which indicates the co-dependence of these three 
parameters in achieving the desired fluid viscosity. 

t
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Δ
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2

2
1

3
1 τν  (5) 

It can be shown that the LBE (2) recovers the incompressible Navier-Stokes equations to the second order in 
both space and time (Chen and Doolen, 1998), which is the theoretical foundation for the success of the 
LBM for modelling general fluid flow problems. However, (2) is only valid for small velocities, or small 
computational’ Mach numbers, Ma, defined in Equation 6, where umax is the maximum simulated velocity in 
the flow. 
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c
uMa max=  (6) 

Generally, a smaller Mach number implies more accurate solution. It is therefore required that the 
computational Mach number is significantly less than unity i.e. the lattice speed c should be sufficiently 
larger than the maximum fluid velocity to ensure a reasonably accurate solution. 

To ensure a kinematic viscosity that is greater than zero, (5) requires that τ > 1/2. τ is also largely responsible 
for the numerical stability of the lattice Boltzmann modelling. 

Periodic, pressure and velocity boundary conditions can be applied in the LBM by maintaining the 
appropriate particle distributions at the boundary nodes. Wall boundaries are handled by the bounce-back 
scheme in which incident particle distribution functions are reflected from walls in the opposite direction. 
This reproduces the no-slip condition integral to fluid dynamics. However, conditions have been developed 
(Flekkøy and Herrmann, 1993) which allow variation between the extremes of no slip (bounce-back) and 
full-slip (specular reflection) of fi’s at wall nodes. The bounce-back scheme has been applied to moving 
boundaries, however the immersed moving boundary scheme (see Section 3) of fluid-particle interaction 
improves the continuity of hydrodynamic forces acting on particles as they move over the lattice grid. 

The explicit nature of both the discrete element method and the lattice Boltzmann method makes them ideal 
partners from the computation and implementation aspects. This natural partnership will allow sub-cycling 
of the either regime within the other, depending on the comparative solution time-steps. 

2.1 Implementation of Fluid Body Forces 
In the block cave environment gravitational effects will predominantly drive the movement of fines around 
larger blocks that are either stationary or moving as a result of cave draw. However, many publications on 
the topic of the lattice Boltzmann method ignore the weight of the fluid as the flow regime is driven by 
pressure or velocity gradients that are assumed to be dominant. 

Buick and Greated (2000) proposed four different methods for including a body force in the lattice 
Boltzmann method, which used various combinations of modified equilibrium functions and macroscopic 
velocity definitions, and an additional operator in the LB equation that modifies the particle density functions 
due to the action of the body force. Strack and Cook (2006) outline a method similar to the latter, which is 
implemented in this work. It is incorporated in the LB formulation as an additional, conservative, operator 
applied to the particle density functions, so that the standard LB equation (2) is rewritten as in Equation 7 
with A = 6 in 2D and G the body force vector. 

( ) ( ) ( ) ( )[ ] i
eq

iiiii Ac
tftftftttf eGxxxex ⋅+−−=Δ+Δ+ 2

1,,1,,
τ

 (7) 

3 Coupling of Fluid Flow and Moving Particles 
The interaction of the fluid regime with suspended particles is integral to the coupling of the LBM to the 
discrete element method. A number of techniques which vary in complexity, accuracy and computational 
cost have been developed to handle this interaction including, not exclusively, bounce-back (Flekkøy and 
Herrmann, 1993, Frisch et al., 1987), modified bounce-back (Ladd, 1994, Aidun et al., 1998), and the 
immersed moving boundary method (Noble and Torczynski, 1998). In addition, slight variations of each of 
these interaction methods have been developed for specific applications. 

The immersed moving boundary technique was proposed to overcome the momentum discontinuity of earlier 
fluid-solid interaction techniques and subsequently improve the accuracy with which irregular obstacles (i.e. 
do not conform to the orthogonal grid) can be modelled on a lattice Boltzmann grid. In this method the LB 
algorithm is modified to include a term which is dependent on the proportion of the LB cell that is covered 
with fluid (Figure 2), thus ‘smoothing’ the hydrodynamic forces calculated at an obstacle’s boundary nodes. 

The modified lattice Boltzmann equation in the immersed moving boundary approach can be seen in 
Equation 8 in which εs is the solid fraction in each nodal cell, B(εs,τ) is a weighting function and Ωi

s is an 
additional collision term that accounts for fluid interaction with any solid obstacles present in the nodal cell. 
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At its limits B(εs=0,τ) = 0 and B(εs=1,τ) = 1, corresponding to pure fluid and pure solid existing at the node, 
respectively. The simplest form of the weighting function is simply εs which gives a relationship directly 
proportional to the solid ratio, and this is employed in this work. 

   

Figure 2 Schematic showing (left) the redistribution of particle density functions with the IMB 
coupling method and (right) the calculation of the solid ratio used for weighting the 
hydrodynamic force at fluid boundary nodes and solid boundary nodes. 
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Two forms of the additional collision operator Ωi
s were proposed for the immersed moving boundary 

method, and the one chosen for this research is included in Equation 9. It was designed so that the resulting 
particle distribution is equal to the equilibrium distribution at the solid obstacle velocity plus a term that 
depends on the deviation of the current distribution from its equilibrium value. The total hydrodynamic force 
and torque acting on the solid obstacle are then found by summing over the directions at each boundary node 
and then over all boundary nodes as in Equation 10. 
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4 The Discrete Element Method 
In many lattice Boltzmann simulations of particle-fluid problems, the inter-particle interaction is either 
ignored or approximately treated. However, application to fines migration requires accurate resolution of the 
contact of the discrete element blocks. A rational choice is to employ the discrete element method to account 
for this interaction, which leads essentially to a coupled LBM-DEM approach for fluid-particle problems. 

The DEM, which originated in geotechnical and granular flow applications in the 1970’s (Cundall and 
Strack, 1979), has become a well-established numerical tool capable of simulating problems of a discrete or 
discontinuous nature. In its classical form, a discrete system is considered as an assembly of individual 
objects which are treated as rigid and represented by simple geometric entities such as discs, spheres and 
ellipses. Recently, more complex shaped elements such as superquadrics and polyhedra (Han et al., 2006, 
Feng and Owen, 2004) have been introduced to more realistically represent objects encountered in practise. 
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By taking into account inertial, contact and hydrodynamic forces acting on a discrete element, the dynamic 
translational and rotational equations can be expressed as in Equations 11, in which Fc denotes the total 
contact forces from other particles and or the walls, c is a damping coefficient, and the term cv represents a 
viscous force that accounts for the effect of all possible dissipation forces existing in the system. 

gFFva mcm fc ++=+    ;   fccI TT +=+ ωα  (11) 

The coupling of the LBM and DEM explicit schemes necessitates matching of their respective time steps. 
Stability criteria require the DEM time step to be less than a critical value which is governed by stiffness, 
mass, geometry and kinematics of the elements. In this work, the evolution of the DEM solution is optimised 
by dynamically adjusting the time step depending on the state of the solution. However, it is a consequence 
of its implicit dependence on the fluid viscosity and grid spacing (5) that the LBM time step is invariant 
throughout a simulation. This combination of fixed and variable time steps requires the implementation of a 
sub-cycling algorithm to ensure either parity or an integer factorial relationship between the two. 

5 Fines modelling - Non-Newtonian LBM Fluids 
Despite the considerable amount of literature dedicated to the LBM in the last 20 years only a relatively 
small amount of research has investigated the incorporation of non-Newtonian fluid models. However, the 
implementation of power law fluids within the LBM has been undertaken (Aharanov and Rothman, 1993; 
Boek et al., 2003; Sullivan et al., 2007) to investigate both shear thinning (pseudoplasticity) and shear 
thickening (dilatant) behaviour. In a power law fluid the viscosity is defined (Equation 14) as a continuous 
function of the strain rate where ν0 is a consistency constant (m2sn-2) and n is the power law index. 

1
0

−= ns&νν  (14) 

An index of n = 1 results in a Newtonian fluid with viscosity ν0. For a fluid with n < 1 the effective viscosity 
decreases with the strain rate and the resultant behaviour is shear-thinning. Conversely, for a fluid with n > 1 
the effective viscosity increases with the strain rate and the resultant behaviour is shear-thickening. The 
strain rate can be obtained using Equation 15 from the symmetric strain rate tensor, Sαβ (i.e. rate of shearing). 
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It is a convenient feature of the lattice Boltzmann method that the strain rate tensor can be obtained from the 
momentum flux tensor (Yu et al., 2005), Qαβ, (the components of which are second order moments of the 
nonequilibrium distribution functions at each node) as shown in Equation 16. 
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In this way the local fluid viscosity at each LB grid point depends on the local strain rate at the same 
location. Considering the relationship between the fluid viscosity and the relaxation parameter, τ, (5) 
employed in the single relaxation time LBGK model, the shear-dependent viscosity change is enforced by 
varying the relaxation parameter (Boek et al., 2003; Rakotomalala et al., 1996) as in Equation 17, in which τ0 
is the Newtonian relaxation parameter corresponding to a viscosity of ν0. 
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Validation of the power law model was undertaken using nonlinear Poiseuille flow in a 2D channel. It can be 
shown (Byron Bird, 1960) that Equation 18 is the analytical solution for a power law fluid, where u0 is the 
mean channel velocity calculated as the quotient of the volumetric flow rate and the channel width, w. 
Numerical results of the validation analyses for indices in the range of n = 0.2 to 3.0 are plotted against their 
respective analytical solutions in Figure 3. 
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Figure 3 Graph of the flow profile of a power law fluid in a 2D channel for power indices in the 
range of 0.2 to 3.0. The corresponding analytical solutions are shown by the solid lines. 

As was found in the same investigation in Sullivan et al., 2006, the steady state numerical results correlate 
well with their respective analytical solutions, with the maximum velocity error being less than 2% for 
values of n shown. The velocity profile error was found to increase as n deviated further from the Newtonian 
value of 1, particularly in the shear thinning regime (n < 1). The results of these analyses show that a simple 
extension of the LBGK model can be employed to simulate fluids whose viscosity increases or decreases in 
regions of high shear. 

The use of a shear dependent, power law viscosity model may not be adequate to simulate the behaviour of a 
bulk material within the LB framework. This limitation may necessitate the development of a critical state 
model such as Mohr-Coulomb in the LBM. Finite element simulations of bulk material flow in hoppers have 
been undertaken (Karlsson et al., 1998) using a Eulerian framework, a modified fluid model and a Mohr-
Coulomb yield criterion. The feasibility of adapting this approach to the LBM will be investigated. 

6 Case Study – Two-Dimensional Block Cave  
A numerical example of the coupled LBM-DEM framework applied to fines migration in a simplified 2D 
cave geometry is presented below. The laboratory-scale cave measured approximately 3m high and 4m wide 
and was filled with 1243 circular discrete elements with randomly distributed radii to represent the larger 
‘blocks’. A Hertzian contact penalty was employed, in conjunction with normal, tangential and rotational 
contact damping ratios of 0.6, 0.3 and 0.3, respectively, and a friction coefficient of 0.3. The fines domain is 
meshed with a D2Q9 lattice with maximum dimensions of 722 × 596. The grid profile is optimised to follow 
the internal profile of the cave, thus removing unnecessary grid node computations from the solution. The 
LBM fines were modelled with a shear-thinning fluid with a power index of 0.7 and a consistency constant 
of 0.005m2/s. Gravity was applied to the discrete elements and the fines. The draw of material from the cave 
was handled by the intermittent deactivation of discrete elements from the right draw point only. 
Atmospheric pressure boundary conditions were applied at the inlet and outlet of the LBM domain. 

The coupled cave model was run for a period of four intermittent draws and a total solution time of 25s. A 
trace of kinetic energy was used to ensure that the cave was at steady state before the next draw was 
undertaken. Figure 4 is a contour plot of the vertical displacement of the discrete element blocks at the 
conclusion of the simulation showing the draw cone inside which blocks are influenced by draw and moving 
toward the draw point. Figure 5 is a contour plot of the vertical fines velocity immediately after the second 
draw (block deactivation) has taken place. It shows that the collapse of the blocky material into the draw 
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point induces the movement and migration of fines in a large proportion of the cave. Figure 6 shows a vector 
plot of the total velocity of the fines in the region just above the draw point. At the instant shown in the 
figure a number of ‘channels’ of preferential fines flow, characterised by the consistently larger vectors, can 
be seen throughout the figure. Interrogation of the results showed that these ‘channels’ vary in location 
throughout the solution, as they are dependent on the movement of the blocks in the region. 

To further interrogate the results a trace of the fines movement was undertaken. The trace was created by 
first seeding the cave domain with three rows of infinitesimal markers in the voids (which are filled with 
fines) between discrete elements. The movement of these markers in the fines regime is then calculated by 
applying a finite difference scheme to integrate the fines velocity field both spatially and temporally. The 
results of the fines migration trace for this example can be seen in Figure 6. The black lines show the 
movement of each marker over the course of the solution. The discrete elements adjacent to each line are the 
blocks that neighboured their corresponding markers at the start of the solution. By comparing the final 
location of the discrete elements and the end of the trace lines an indication of the relative movement of the 
two can be attained. The region of highest fines movement can be seen, as expected, above the draw point. It 
can also be seen that the draw of blocks induces the movement of fines well away from the draw point, as far 
as the top left of the cave. Lastly, the amount of percolation or migration can be seen to be minimal in this 
solution, and this result is discussed further below. 

 

Figure 4 Contour plot of the vertical displacement (m) of the discrete element blocks in the 
coupled cave model. The draw cone can clearly be seen. 

 

Figure 5 Contour plot of the vertical velocity (m/s) of the fines regime immediately after the 
second draw has been undertaken. 
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Figure 6 Vector plot (left) of the total velocity of the fines regime in the region just above the 
draw point and (right) trace of the spatial fines migration throughout the cave draw 
analysis. 

7 Discussion 
A computational framework has been developed which robustly couples the discrete element method to the 
lattice Boltzmann method and can be applied in a range of fluid-solid interaction problems. The results of the 
cave model highlight the potential of the coupled LBM-DEM framework in fines migration applications. 

The results of the migration trace show minimal relative movement between the fines and the discrete 
element blocks. This can be attributed to two dominant characteristics of the 2D simulation. The primary 
factor preventing fines migration is the very low permeability of the structural, discrete element field. At 
steady state the porosity (portion not filled with blocks) of the cave is less than 10%, and the well-developed 
network of block contacts form an almost impermeable barrier to fines percolation. The second factor 
preventing percolation is the interface law currently employed in the coupling of the DEM and the LBM. 
Due to its origin in fluid mechanics applications, the immersed moving boundary method enforces no-slip at 
the interface between the LBM fluid/fines and the DEM solid. This is not appropriate for the interaction of a 
bulk material and a continuous surface, which is typically governed by a frictional law. The no-slip condition 
prevents relative movement of fines and blocks that are in contact, and thus prevents percolation. 

Due to the current bias towards 2D simulations whilst developing and benchmarking the coupled LBM-DEM 
framework, these two issues need to be overcome. The permeability constraint can be overcome by the 
implementation of a contact gap in the DEM contact resolution procedure. This gap will result in contact 
between the discrete elements before they physically overlap, creating an invisible buffer around each block 
and hence artificially increase porosity and permeability. The no-slip interface constraint will require the 
development of a new coupling technique which allows frictional sliding between the two media and the 
proportionate transfer of hydrodynamic forces and torques. The mixed-mode bounce-back condition of 
Flekkøy and Herrmann (1993) and the immersed moving boundary condition of Noble and Torczynski 
(1998) will form the reference point for this new coupling technique. 

Other future developments to the coupled LBM-DEM framework will include the incorporation of a 
Bingham plastic non-Newtonian model which is appropriate for slurries, the investigation of adapting a 
Mohr-Coulomb bulk material model to the LBM, the mapping of polygonal discrete elements to the LBM 
grid, and ultimately the expansion to three-dimensional simulations. 
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Abstract 
As large open pits reach increasingly greater depths and more frequently involve interaction with 
underground mines, the use of numerical modelling provides an opportunity to further our fundamental 
understanding of caving-induced deformation and the factors affecting it. The critical factors in the 
transition from surface to underground mining, and particularly for deep open-pits, are related to the 
stability of the pit slopes. Induced deformation and/or failure of the crown pillar between the pit floor and 
the cave back may trigger slope instability on the pit walls. An integrated numerical approach based on the 
analysis of the mechanical behaviour of discrete systems forms an important component of the current 
research. This includes both more realistic representation of fracture systems and the modelling of rock 
mass behaviour as a combination of failure through intact rock material and displacement/rotation along 
pre-defined fracture planes. This paper presents the results of a parametric study undertaken in order to 
evaluate the fundamental factors influencing caving mechanisms, emphasising the role of discontinuity 
geometry and intact rock properties, (with particular emphasis on rock fracture. Results of the numerical 
modelling will form the basis for the development of methods for characterising the geological factors 
controlling the interaction between open-pits and underground block-caving mining. 

1 Introduction 
An increasing number of large open-pit operations are planning the exploitation of ore reserves at depth by 
transitioning to underground mining. Recent cases where surface pit operations have shifted to underground 
mining include, but are not limited to, Finsch Mine (South Africa), Kidd Creek Mine (Canada), El Soldado 
Mine (Chile) and Palabora Mine (South Africa). In the case of Finsch and Kidd Creek, the transition to 
underground mining was implemented once surface operations had been completed. In contrast, El Soldado 
and Palabora represent examples where transition occurred before completion of open-pit operations. With 
the exception of Palabora, where underground mining by caving methods was preferred, all other cases 
mentioned above used underground open-stope methods.  

The primary factors affecting the stability of a surface crown pillar are associated with rock mass strength, 
geological structures (e.g. joints, bedding planes, and faults), the in-situ stress field and the geometry of the 
excavations. Brady and Brown (1993) discussed crown pillar failure mechanisms based on the different types 
of discontinuous ground surface subsidence. They included in their study progressive crown pillar failure 
associated with block caving mining. Flores and Karzulovic (2004) recognised that typical failure 
mechanisms associated with open-stope mining cannot account for specific problems with relation to block 
caving mining and crown pillar stability. They argued that key issues, such as the zone of stress 
concentrations associated with the presence of an open pit and excavation geometries specific to 
underground caving operations are important factors which eventually influence the progressive failure of 
crown pillars. In this context, numerical modelling provides a useful tool to analyse important issues related 
to crown pillar stability and associated pit slope stability, including non linear rock material behaviour and 
varying model geometries. Flores and Karzulovic (2004) used FLAC2D (Itasca, 2007) to investigate the 
transition from open pit to underground operations, providing initial geotechnical guidelines for crown pillar 
design and stability. 
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Ultimately, caving propagation will lead to failure of the surface crown pillar. In a large open pit the question 
to be answered is therefore whether or not underground mining will trigger slope instabilities on the pit walls 
due to induced deformation and/or failure of the crown pillar. To answer this question in a quantitative way, 
the authors make use of an integrated modelling approach: both conventional and remote mapping 
techniques provide the primary tool for rock mass failure characterisation, with a particular emphasis on rock 
brittle failure through a combination of existing discontinuities and fracture through intact rock bridges. 
Elmo (2005 and 2006) and Pine et al. (2006) applied a similar approach to the characterisation of rock mass 
strength for mine pillars. By coupling a hybrid continuum/discrete numerical method with a Discrete 
Fracture Network (DFN) method, this approach takes full advantage of the use of accessible data, notably the 
intact rock properties and the orientation, persistence and intensity of discontinuities. These data are directly 
used in the geomechanical model, explicitly accounting for size and shape (scale) effects and more 
realistically simulating the failure process of a naturally fractured rock mass. Stead et al. (2007) critically 
discussed the state-of-the art in brittle fracture modelling as applied to both large natural and open pit slopes 
and emphasised the key role of a combined FEM/DEM - DFN approach. 

2 An integrated numerical modelling-field-based approach for rock mass 
failure characterisation 

Numerical modelling of subsidence mechanisms and impact due to mine caving consist of three main 
components: rock mass characterisation, numerical modelling and monitoring (Figure 1). This paper, 
presents a series of numerical experiments currently being conducted to evaluate the factors influencing 
block caving induced subsidence including rock mass properties, in-situ stress ratio, jointing and mining 
sequence. The monitoring component is not explicitly considered in the current paper. However, it is 
recognised that both surface and subsurface monitoring will form a fundamental part of the next stage of 
modelling, which will involve analysis of specific case studies.  

 

Figure 1 Fundamental aspects of numerical modelling of subsidence mechanisms and impact due to 
mine caving 

2.1 Rock mass characterisation and DFN modelling  
Field discontinuity and rock mass surveys are traditionally performed using both scanline and window (cell) 
mapping techniques. Various authors (Kalenchuk et al., 2006; Elmo et al., 2007b and Kim et al., 2007) have 
emphasised the importance of adequate characterization of discrete fracture networks including measurement 
of fracture spacing, persistence and block size. These parameters are all inherently associated with the 
definition of intact rock bridges. Much of the recent work on this subject stems from an appreciation of the 
importance of block size and persistence in rock slopes and its incorporation into rock mass characterization 
using the Geological Strength Index (Hoek et al., 2002). Relatively undisturbed rock core samples can be 
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obtained by high quality drill coring; however, specific sampling and analytical techniques are needed to 
measure the orientation of the sampled discontinuities within the rock mass. Observations of exposed rock 
faces, at or near the project site, have the advantage of allowing direct measurements of discontinuity 
orientation, spacing, and persistence and the identification of discontinuity sets. Other large-scale 
geometrical and structural features can be readily observed. Increasingly, digital photogrammetry and laser 
scanning techniques (LiDAR) provide an alternative technique for fracture characterisation (Sturzenegger et 
al., 2007). 

The Discrete Fracture Network (DFN) approach represents an ideal numerical tool for the synthesis of 
realistic fracture network models from digitally and conventionally mapped data. The DFN approach has the 
capability of defining geological models which include large (deterministic) structures as well as 
stochastically generated fracture systems. The proprietary code FracMan (Dershowitz et al., 1998; Golder, 
2007) is the platform used in the current paper for data synthesis. Each fracture set within a single structural 
domain is characterised in FracMan using statistical distributions to describe variables such as the 
orientation, persistence and spatial location of the fractures. Being inherently 3-dimensional, a DFN model 
should ideally be coupled with a 3-dimensional geomechanics analysis. However, 3-dimensional modelling 
of large-scale discrete problems is currently limited by excessive memory requirements and computational 
times (Stead et al., 2007). The required level of detail currently limits the analysis to small-scale 3-
dimensional problems. As an alternative, it is common practice to consider filtered 2-dimensional sections 
produced from 3-dimensional DFN models (Elmo et al., 2007b).  

2.2 Geomechanical modelling 
The geomechanical modelling described in the current paper is based on the proprietary hybrid finite/discrete 
numerical code, ELFEN (Rockfield, 2007). This code models the failure of the intact rock material through 
fracturing of the initial continuum meshed geometry. Caving initiation, propagation and subsequent pit wall 
deformation are simulated as a result of both failure of the intact rock material and displacement/rotation 
along pre-defined fracture planes. Particle flow codes such as PFC2D and PFC3D (Itasca, 2007) could 
provide an alternative to the proposed hybrid modelling approach, by using circular particles or spheres to 
simulate a rock mass with specified joints. Sliding mechanisms are captured using either clumped particles 
logic or using the recently developed sliding joint model (Pierce et al., 2007). This approach can also 
simulate failure through initiation of new cracks, intact rock fracture associated with sliding resulting in bond 
breakage between particles. 

3 Development of synthetic rock mass properties for both continuum and 
discontinuum analysis 

The scope of the current numerical analysis involves modelling of a jointed rock mass in order to optimally 
represent the geomechanical characteristics of existing rock jointing networks, both in terms of style of 
jointing and the shear strength properties of the discontinuity planes. A key aspect of the combined 
Discrete/DFN modelling approach used in the current study is the development of synthetic rock mass 
properties. The objective is to provide an improved link between mapped fracture systems and rock mass 
strength in comparison to the current practice of using empirical rock mass classifications alone. 

With specific reference to fractured mine pillars, Elmo (2006) showed that fracture intensity parameters 
could be used as a readily measurable indicator of the structural character of the rock mass. Figure 2 shows 
the comparison between simulated 2-dimensional biaxial loading of fractured pillars and the relative 
mechanical response predicted by using the RocLab-GSI curves (Hoek et al., 2002). Scale effects are also 
accounted for in the proposed approach, as demonstrated in Figure 3, which includes results for uniaxially 
loaded pre-fractured rock specimens of varying geometry, defined as a function of width-to-height ratio. 

To date the ELFEN modelling of fractured rock has been limited to 2-dimensional analysis. More recently 
the PFC3D code was similarly employed to derive synthetic rock mass properties to be subsequently used in 
large 3-dimensional continuum models (Pierce et al., 2007). Notwithstanding the chosen approach, 3-
dimensional modelling of discrete problems including fracturing initiation remains currently limited to 
relatively small scale problems (see also Section 3.1). Whereas the novelty and potential applications of 
synthetic rock properties can be easily recognised, its advantages may be sacrificed if these properties are 
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derived strictly to be used in conjunction with a continuum numerical approach. It is suggested that the latter 
lacks the ability of portraying the kinematics nature of blocks displacing/rotating and potentially 
fragmenting. In order to circumvent these kinematic disadvantages large scale continuum synthetic model 
must incorporate “important” discrete fractures leading to a complex and arguably subjective final model. 
These aspects cannot be ignored if simulating caving initiation and propagation particularly at a feasibility 
stage, where visual observations and monitoring data of cave advance are not available. In other words, the 
coupled synthetic (discontinuum) rock mass-continuum modelling approach may lack the predictive 
character which is of interest at the earlier stages of block cave mining development. For these reasons, the 
use of 2-dimensional discrete modelling of large scale problems remains a powerful tool for furthering our 
understanding of fractured rock mass behaviour. As described in Section 4, the derivation of so called 
synthetic fractured rock mass properties for 2-dimensional discrete analysis allows a reduction in the number 
of elements/particles required to discretise the problem geometry, and at the same time preserves the overall 
characteristics of the kinematic processes under consideration. Ultimately, with advances in computer power 
and the development of efficient parallel processing algorithms it will be possible to use a similar 
kinematically true approach in the analysis of larger 3-dimensional discrete fracturing problems.  

 

 

Figure 2 Comparison between simulated 2-dimensional biaxial loading of fractured pillars and the 
associated response predicted using the RocLab-GSI curves (after Elmo, 2006) 

 

Figure 3 Correlation between simulated strength and fracture intensity P21 (total fracture length per 
area) for rock specimens with a width-to-height ratio of 0.4, 1 and 2 respectively (P21 range 
1.2 to 3.2) (after Elmo, 2006) 

It is recognised that model uncertainty increases with the scale of the problem under consideration. When 
using numerical codes which are capable of simulating failure of the intact rock material, an important 
question arises as to whether the modelling of brittle fracture is undertaken at an appropriate scale. The 
answer to this question has certainly far reaching connotations. As discussed in Stead et al. (2007), where 
large open pits are modelled in two and three dimensions, there is an inherent problem in the need to use 
large block dimensions due to computing limitations. Extrapolation of brittle rock fracture mechanics 
processes from laboratory scales (less than 1 mm mesh size) to intact rock fracture through/between metre 
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scale blocks/particles requires further research and justification. Typically, 2-dimensional modelling of large 
engineering structures requires substantial element sizes (greater than 5 m). When these models are 
contemplated in a 3-dimensioanl space, then the magnitude of the computing problem is immediately 
apparent if fracture is to be modelled at a realistic scale. 

4 Modelling the transition from surface to underground mining using a 
hybrid FEM/DEM approach 

As large open pits reach increasingly greater depths and more frequently involve interaction with 
underground mines, numerical modelling provides a useful tool to analyse important issues related to both 
crown pillar and pit slope stability. This section presents examples of a hybrid modelling approach 
investigating the geotechnical aspects of the interaction between open pit and underground block caving 
mining. The 2-dimensional geomechanical modelling was carried out using the code ELFEN code. This code 
incorporates both Finite Element (FE) and Discrete Element (DE) techniques and was developed originally 
for the dynamic modelling of impact loading on brittle materials such as ceramics and only recently has 
found increasing use in rock mechanics. Elmo et al. (2005), Pine et al. (2006) and Elmo (2006) used the 
ELFEN code in the study of mine pillars, whilst Cai and Kaiser (2004) illustrated the application of ELFEN 
in the numerical simulation of indirect tensile (Brazilian) testing. Stead et al. (2004) and Eberhardt et al. 
(2004) applied ELFEN to rock slope failure analysis. More recently Karami and Stead (2008) described the 
use ELFEN in the simulation of shear box tests and the effects of varying joint roughness profiles. Detailed 
descriptions of the constitutive material models and fracture mechanics criteria implemented in ELFEN can 
be found in Klerck (2000), Klerck et al. (2004) and Owen et al. (2004). 

4.1 Model definition 
Building on preliminary models presented in Elmo et al. (2007a), a series of conceptual models were used in 
the current study, representing the excavation of a 400m deep pit followed by undercutting and cave 
initiation 200m below the pit bottom. The in-situ stress was defined by a vertical stress proportional to the 
depth and a horizontal stress specified through a specified stress ratio. The effect of the open pit on the stress 
field is investigated using an excavation sequence, the model assuming that the geometry of the undercut is 
sufficient for caving initiation (100m long undercut excavated in 5 stages of 20m each). The proprietary code 
FracMan was used to develop a 3-dimensional Discrete fracture Network (DFN) model from which 2-
dimensional sections were taken and fracture traces then imported into ELFEN via a dedicated interface. 
This allowed consideration of regularly defined joint sets and a parametric study on the effects of varying 
fracture orientation and length (Table 1). 

Since the model includes a relatively large number of discrete fractures, which can propagate as a result of 
the failure of the intact rock material, it is argued that the specific use of rock material properties derived 
using an equivalent continuum approach and rock mass classification schemes can result in an 
underestimation of the rock mass properties. An equivalent continuum approach accounts for the occurrence 
of discontinuities in an implicit sense, whilst in the current model the effects of discontinuities in terms of 
rock mass strength are recognized by the shear strength properties of the discretised fracture elements. There 
remains however an unanswered question as to which material properties to use for the characterisation of 
the rock bridges in between the pre-defined and newly generated fractures. In an idealized model, with a 
relatively high density of simulated discontinuities representing the rock mass conditions in-situ, it would be 
reasonable to assume these as being equivalent to the intact rock material properties. Stead et al. (2007) 
showed that, for large scale engineering problems, this would require using very high mesh/particle density 
(i.e. very small mesh/particle size), which would certainly have a major impact in terms of CPU computing 
times.  

The fracture intensity parameter used in the current FracMan model determines what portion of the natural 
occurring fractures will be modelled. Since not all fractures are represented by the model, the unfractured 
rock in the model would actually have some degree of fracturing in the field. To represent this fracturing, the 
intact rock properties (e.g. rock internal cohesion, rock internal friction and intact rock tensile strength in 
Table 2) have been scaled down using the approach introduced in Section 3. In this case synthetic fractured 
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rock mass properties were defined for a discrete model in lieu of synthetic rock mass properties for fully 
continuum analysis (Figure 4). 

Table 1 Mean fracture orientation and length used to define the initial fracture network 

 Model A Model B Model C 

Dip of Fractures (o) 00 and 90 10 and 80 30 and 60 

Mean Fracture Length (m) 50 50 50 

 

Figure 4 Diagrammatic illustration of the concept of Synthetic Fractured Rock Properties for discrete 
analysis 

Table 2 Material properties 

Property (Rock Mass) Unit Value Property (Joints) Unit Value 

Tensile strength, σt MPa 1.6 - 2.6 Fracture cohesion, cf MPa 0 

Fracture energy, Gf Jm-2 63 Fracture friction, φf degrees 35 

Young’s Modulus, E MPa 30000 Normal penalty nP  GPa m-1 4 

Poisson’s ratio, ν  0.25 Tangential penalty tP  GPa m-1 0.4 

Internal cohesion, ci MPa 6.4 

Internal friction, φi degrees 45 

Note: tensile strength values calculated respectively as 
25% and 40% cut-off of the theoretical value estimated 
using the Mohr-Coulomb Criterion 

4.2 Modelling results 

4.2.1 Effects of varying joint orientation (Tensile Strength 1.6MPa) 

The initial scope of the modelling was to characterise the potential effects of block caving mining on the 
stability of open pit slopes. Simulated horizontal displacements of the pit walls were analysed as a function 
of both numerical time and maximum height of the cave back. A point located 100m above the pit floor on 
the right-hand side bench was arbitrarily chosen for comparing the simulated results (Figure 5). Figure 6(a) 
shows the variation of horizontal displacement (positive in the pit slope direction) as a function of the 
inclination of the pre-inserted facture network. For comparison purposes, similar models were run without 
simulating the block cave mining (Figure 6b). The results clearly showed that progressive block caving 
resulted in an increased inward horizontal movement of the pit slope with simulation time, with steeply 
dipping joint sets resulting in a relative greater horizontal displacement. This ultimately resulted in a 
relatively large slope deformation, with progressive failure of the right hand-side pit wall characterized by 
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combined sliding-toppling mechanisms resulting from the extension of pre-existing fractures and step-path 
fracturing through intact rock material (Figure 7). For the same models, Figure 8 shows the correlation 
between maximum height of cave back, displacement XX and dip of joint sets. Interestingly, the vertical 
migration of the cave back appears to be inversely related to the dip of the pre-inserted fracture network (i.e. 
it is greater when one of the joint sets is sub horizontal).  

 

Figure 5 Schematic of a typical block cave/open pit model and location of history point selected for 
comparing the simulated results 

(a) 

(b)

Figure 6 Displacement XX for the point specified in Figure 6 as a function of joint set inclination. (a) 
Models where the block cave mining follows the excavation of the pit and (b) Models 
simulating only the excavation of the pit 
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0o-90 o Joints 10 o -80 o Joints 30 o -60 o Joints 

Figure 7 Progressive failure of the right hand-side pit wall as function of joint set inclination. Results 
for simulation time of 30sec. 

 

Figure 8 Maximum height of cave back as a function of both joint set inclination and simulated 
displacement 

4.2.2 Effects of varying tensile strength for the simulated intact rock bridges 

It is safe to assume that, even when they occupy only a very small percentage of the discontinuity-coplanar 
area, intact rock bridges may provide a significant internal or self-supporting load carrying capacity. To 
further investigate this aspect, the analysis has been repeated using an increased tensile strength of 2.6MPa 
(i.e. 40% cut-off of the theoretical value calculated using the Mohr-Coulomb criterion), assuming all other 
properties the same as in the previous analysis. Figures 9 clearly shows that the increased intact tensile 
strength, for a given joint set inclination, has the effect of delaying the onset of deformations on the pit walls, 
measured as horizontal displacements. This apparent delay is associated with the more difficult caving 
conditions encountered when simulating a relatively stronger rock mass. Figure 10(a) shows the simulated 
maximum height of cave back for the models with 0o-90 o and 10 o -80 o joints and for an intact tensile 
strength of 1.6MPa and 2.6MPa respectively. By increasing the tensile strength by 1MPa (equivalent to 15% 
of the theoretical value calculated using the Mohr-Coulomb criterion), this results in an apparent cave-arrest 
for the model with 10 o -80 o joints (Figure 10b). Similarly, a much slower rate of cave development is 
observed for the model (0 o -90 o Joints) with horizontal and vertical joint sets and increased tensile strength 
(11m.simulated sec -1 compared to 15m.simulated sec -1). These preliminary results demonstrate the ability of 
the proposed FEM/DEM - DFN synthetic rock mass approach to characterise both caving 
initiation/propagation and the interaction between surface and underground mining. 
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Figure 9 Comparison between the simulated displacement XX as a function of both joint set 
inclination and tensile strength of the simulated intact rock bridges. The results refer to the 
same history point indicated in Figure 6 

 

Figure 10 (a) Variation of the simulated cave back height as a function of both the intact tensile 
strength and the joint set inclination and (b) Visualisation of selected results for the model 
with 10-80 Joints and 1.6MPa and 2.6MPa tensile strength respectively  

5 Discussion and conclusion 
This paper presents preliminary models showing the use of an advanced numerical modelling approach to 
characterize complex rock mass behaviour above block cave mines. By coupling a DFN approach with the 
hybrid FEM/DEM model it was possible to define Synthetic Fractured Rock Properties, which clearly 
provide an improved link between mapped fracture systems and rock mass strength not entirely possible with 
current rock mass classifications. It has been demonstrated that the proposed FEM/DEM - DFN synthetic 
rock mass approach is a potentially powerful tool for characterising both progressive caving and the 
interaction between surface and underground operations. The models clearly captured the effects of block 
cave mining, in terms of increased simulated inward displacement (i.e. deformation) of the pit walls. One of 
the main objectives of the current study is to developed methods of assessing hazard and risk posed by the 
transition from surface to underground mining. It is expected that the study will necessarily incorporate a 
toolbox approach, where different numerical approaches (e.g. continuum analysis and particle flow code 
modelling techniques) will be used to characterise a given interaction. Further work is ongoing to include 
modelling of the effects in-situ rock stress, varying open-pit geometry and undercut drawing sequence. 
Hydraulic conditions were also not included at this stage of the research.  
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Abstract 
The mining industry and associated industries, as well as other primary industries, operate on a highly 
international market where research and development is a necessary and integral part of the business. In 
2005, several of the leading Swedish players created a research arena named Bergforsk (www.bergforsk.se). 
Its main purpose is to integrate and coordinate R&D between the industry and academia, mainly Luleå 
University of Technology. Bergforsk is an arena where R&D units, researchers, sponsors and societal 
stakeholders meet to prioritise and coordinate ongoing activities and future initiatives such as R&D 
programmes, financing issues, reviews of plans etc to promote joint and continuous development of 
strategies and effectiveness. On the basis of the Bergforsk programme the Government decided in September 
2006 to commission the Swedish agency VINNOVA to implement an “innovative and future-oriented mining 
research programme”. The total budget is SEK 100 million over the period 2006–2010. Through Bergforsk 
we also have joined forces with the European technology platform Sustainable Mineral Resources 
(www.etpsmr.org ) that was instrumental to recommending the European Commission to include the 
extractive industry in Request for Proposals within the 7th RTD framework. Programme.  

1. The current situation 
The mining industry and associated industries, as well as other primary industries, operate on a highly 
international market where research and development is a necessary and integral part of the business. The 
work spans many issues, ranging from exploration, rock and mining engineering, concentration and process 
control to economics, law and social aspects. International trends are e.g. increasing demand for minerals due 
to global economical growth, globalisation of markets and technology, consolidation through merger and 
acquisitions and also for the mining business and the trend to create long-lasting partnerships with selected 
universities and knowledge centres.  

In recent years awareness has grown of the overall benefits provided by the industry not only for the mining 
sector but also for the national and regional economies. The G8 top summit meeting in Heiligendamm in 
June 2007 stated that “Raw materials produced by the extractive industry are a key factor for sustainable 
growth in industrialised, emerging and developing countries.” The mining industry in Sweden and the 
Nordic countries now again enters a new mining era and once again proves that the mining sector is a strong 
driver for national and regional economical development. The mining companies are competitive through 
innovation and technological excellence. The leading mining companies in Sweden, LKAB, Boliden and 
Lundin Mining, therefore operate underground mines and open pits under stringent control of health and 
safety and environmental impact, at the same time being among the most productive mines in the world. One 
reason for the strong competitiveness is the excellent collaboration with the Swedish and Nordic suppliers of 
technology. The mines have over several decades been a demanding customers and thus fostered 
development of world-class mining technology. The mining industry contributes to the economy not only by 
its products but also by creating challenging jobs at many sectors of the economy.  

The outlook for future mining in Sweden, the Nordic Countries and Europe is bright. The global demand for 
development of infrastructure will likely keep the metal prices at a healthy level. EU is a large net importer 
of metals and smelter feed and strengthening of the European mineral industry is a major strategic issue. The 
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intensified exploration over the last decade has already resulted in new mines. In Sweden capital expenditure 
on exploration increased from around €10 million in 1993 to around €75 million in 2007. The estimated cost 
for exploration in the Nordic countries in 2007 was around €140 million, see Figure 1 and will likely lead to 
new mines in the future thus further developing the Scandinavian mining sector.  

 

Figure 1 Exploration in the Nordic countries in million €. Source: Raw Materials Group.  

The long term growth of the economy and the development of wealth depend on sustainable technology. 
Leadership in this area is a success factor, which increases revenues and reduces costs at the same time 
developing the industry in harmony with the society, see Figure 2.  
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Figure 2 Mining is a sustainable industry when it generates revenue and operates in harmony 
with society and the environment. 

A feature of the Swedish and Nordic mining sector is the willingness to exchange ideas and experience, for 
example by arranging conferences, workshops and meetings, such as this MassMin 2008 in Luleå; the 
conference Securing the Future in Skellefteå in 2009 on mining and the environment; the annual Bergforsk 
meeting on R&D and the biennial Fennoscandian Exploration and Mining meeting in Rovaniemi, Finland. 
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These scenes for interaction are important to create the necessary strategic initiatives to meet the present and 
future technological, social and political challenges and opportunities. 

2 Vision and strategies 
Our vision is that the mining industry in Sweden will be an important supplier of efficient and sustainable 
solutions to meet the needs of modern society for metals and minerals. Technological leadership will be 
utilised for resource-efficient production of raw materials and innovative products with high value added in 
order to enhance quality of life by creating prosperity in harmony with nature and society. The industry’s 
general strategies for sustainable competitiveness are several and a two of them are mentioned here:  

a. Research, development and education is to be world-leading and efficient and the competency 
management of high international standard.  The industry in cooperation with others decided to: 

• Concentrate research and education to Luleå University of Technology (LTU) so it can be a 
competent European university with strong and successful research groups in national and 
international interaction with other academia. LTU gives education and courses for the value chain 
and supplies the industry with qualified personnel at BSc, MSc and PhD level. 

• Invest in research centres at Luleå University of Technology, rather than creating a new industry 
research institute. The research centres are run jointly by the industry and LTU in cooperation with 
selected universities and offer many opportunities for creating new initiatives within a relatively 
flexible and efficient framework. At present there are eleven research centres and companies of 
direct relevance to the mining industry, see Figure 3. 

• Create a joint research organisation, Bergforsk, to serve as the industry’s forum for discussing, 
prioritising and actively promoting research projects. Its main purpose is to integrate and coordinate 
R&D between the industry and academia, mainly Luleå University of Technology. Bergforsk is an 
arena where R&D units, researchers, sponsors and societal stakeholders meet to prioritise and 
coordinate ongoing activities and future initiatives such as R&D programmes, financing issues, 
reviews of plans etc to promote joint and continuous development of strategies and effectiveness. A 
kick-off for Bergforsk was held in 2005 and subsequent annual meetings in 2006, 2007 and 2008 see 
the presentations at www.bergforsk.se. The principal for Bergforsk is the Swedish Mining Research 
Foundation (MITU). 

• Create clear role divisions for the players and to develop sustainable networks and clusters. 

 

Figure 3 Research and development centres associated with Bergforsk. 
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For efficiency of R&D, strategies for collaboration were developed: 

• Triple Helix (industry, academia, and society) to develop common vision, strategies and objectives 
and also to find ways to co-finance the work. 

•  Co-operation with other primary industries (energy, forest, paper, pulp, steel, chemicals) as 
much of the technology needed is not specific for the mining industry but rather generic in nature: 
An example is the research centre Process IT Innovations (www.processitinnovations.se) that was 
created to develop means for automated control and monitoring of continuous industry processes. 

• Co-operation directly between companies: Several Swedish companies are members in e.g. R&D 
brokers like MIRO in the UK and AMIRA in Australia. Swedish companies in 2005 felt a need to 
strengthen the area of rock and mining engineering and therefore started the company RTC 
(www.rocktechcentre.se) for this purpose: RTC acts on the global market and has for instance 
already created consortia within faster and better drifting and development of ground support 
systems and equipment.  

• Co-operation with “extractive industries” (aggregates, coal, industrial minerals, metal, oil and 
gas, geological surveys) on the European arena where several companies and organisations joined 
forces to create a European Technology Platform named Sustainable Mineral Resources 
(www.etpsmr.org) to develop a European Strategic Research Agenda.  

International cooperation is necessary for efficient R&D. Bergforsk is currently working with LTU and the 
industry to strengthen and expanding the international network. In May 2007 the Swedish Mining Research 
Foundation MITU and LTU signed a co-operative agreement with the Polish industry (KGHM Cuprum) and 
the universities in Wroclaw and AGH in Crakow.  

b. Sustainable and reliable raw material supply to the mineral and metal industry taking into account 
the geological opportunities in Sweden. The industry has strongly promoted R&D in exploration, both at 
the national level as well as at the European level and to work for a regulatory framework that promotes 
growth without causing competitive disadvantages.  

3 The national Bergforsk R&D Programme in mining 
LKAB, Boliden and Lundin Mining annually spend around €80 million in research and development, 
including cost for exploration. The industry also supports sustainable creative environments at the Luleå 
University of Technology: LKAB donated €11 milllion to the Hjalmar Lundbohm Research Foundation at 
LTU and Lundin Mining €1.5 million in the Adolf Lundin foundation at LTU. Boliden will spend €5.5 
million at LTU over a period of five years. 

Bergforsk prepared an R&D Programme covering several focus areas to meet the following objectives:  

• to reinforce the leading position in terms of technology and international competitiveness of the 
Swedish mining industry in selected strategic niches, 

• to create strong education, research and innovation environments that make it possible to continue to 
develop and to hold a leading position in selected focus areas, 

• to contribute to successful Swedish participation in international joint initiatives in the EU, but also 
increased collaboration with research for example in Australia, Finland, Canada, Poland, South 
Africa and the United States.  

The first focus area is Securing the supply of raw materials through exploration. New methods are 
required to find ores at depth (> 500 m) to allow Sweden to maintain its position as a leading ore producer in 
Europe, and further develop its international position as supplier of advanced services and products. 
Northern Europe (principally Finland, Russia and Sweden) has a very good geological basis for the 
discovery of further ore deposits, but the potential for new discoveries of most types of ore increases at 
greater depths, but improved exploration methods are required. An important element in this work is building 
4-dimensional geological models (spatial 3D with time (age of rock units and deformation) as the fourth 
dimension) of mature ore fields such as those in the Skellefteå district, Bergslagen and the ore fields of 
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Norrbotten. In mature ore fields there is relatively little likelihood of discovering major new deposits of ore 
of the traditional type at surface level. On the other hand, the potential to identify new occurrences of ore at 
greater depth is statistically on the same level as has been at more shallow levels. Future exploration will 
therefore increasingly be focused on these deeper ore occurrences. 

Development of methods for production in the mines and the mills to increase quality, recovery, energy 
efficiency and revenues but to decrease costs and environmental impact.  

Competitive and safe mining activity that takes place in collaboration with the surrounding community 
necessitates research and development, for example in the following areas:  

• Optimal utilisation of mineral resources 

• More efficient development methods 

• More efficient mining methods when mining at greater depths 

• Innovative methods for production drilling 

• More efficient fragmentation 

• Theory and model development for the production system as a whole and for the individual unit 
operations 

Development of new materials and products engineered for its functional use. Fundamental knowledge 
and understanding of particulate processes is of crucial significance in bringing about long-term 
competitiveness and profitability for the Swedish mining industry. This work necessitates the application of 
the latest progress made in surface and colloid chemistry, physical and chemical methods for measurements, 
modern technology for comminution and metallurgy of iron-ore pelletising processes together with 
mathematical modelling and computer simulations. By developing measurement methods and the 
understanding for the basic mechanisms for example in flotation and pelletising, conditions for increased 
utilisation of the natural resources are created.  

Resource-efficient extraction of base metals. Metal impurities are present in sulphide ores to a varying 
degree and may sometimes constitute an obstacle for feasible mining and processing of a mineral resource. 
Pre-treatment by leaching may be one option. Understanding of the leaching properties and leaching 
mechanisms of different impurities in different chemical environments are therefore essential. Base metals 
are extracted in linked processes from primary and secondary raw materials, where by-products and residual 
products from metal production provide raw material for the production of other metals. There is a great 
potential in being able to use supplementary raw materials that represent a source of energy and/or a 
reducing agent. Knowledge of metallurgical reactions, their thermodynamics and kinetics is of great 
significance in developing and improving resource efficiency and in predicting the impact on processes, 
waste and products when varied and new materials are handled. New measuring techniques are essential in 
developing an understanding of and in bringing about new ways of modelling and controlling the processes. 
Increased knowledge about the process stages in which impurity elements are to be eliminated and how these 
materials are treated is important in maximising resource efficiency. The processing of these residual 
products needs to be studied and undergo further development. Attempts to find the best solutions to 
recycling issues from an economic and environmental perspective benefit from a holistic approach. The 
value of and possible processes for recycling are then evaluated in an integrated perspective which also 
includes opportunities in other sectors, taking into account all the materials included in the material cycle. 

Reduced environmental impact in mine operation. The major improvements in environmental 
performance that have been demonstrated by the industry have been due to investments in increased 
production and improvements in productivity. Three areas of priority are defined: 

Management of waste products and methods of landfill 

Mining, with the generally low ore contents encountered today, means that large quantities of waste products 
need to be managed. The costs for management of waste products, as well as the potential impact on the 
environment, are important issues for the development of the industry. Account has to be taken of problems 
and opportunities early in the process. This may lead to entirely different requirements having to be met by 
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the technical solutions. There is a great potential in the selective management of waste rock with low content 
of metals and sulphur. Continued research is required to establish criteria for waste rock that can be used, for 
example, for construction purposes, thereby reducing the need for opening of quarries and other material 
sources. 

Impact on recipients 

The understanding of the environmental impact on recipients has substantially increased, but there are 
deficiencies in present-day analytical methods and approaches which often lead to environmental restrictions 
based on rule-of-thumb reasoning and weakly based assumptions and unnecessary protracted permit 
processes. Methods need to be developed in order to understand natural variations of different elements 
which are particularly important in mineral-rich areas, and to understand the ability of ecosystems to adapt to 
and tolerate these variations.  

Remediation 

The remediation of existing waste rock and tailings deposits is of great significance. Studies of geochemical 
processes must be made together with studies of other mechanisms and processes such as the establishment 
of ecosystems, linking with natural attachment processes and landscape adaptation. Water covering has been 
scientifically proven to be the most efficient reclamations method for sulphidic tailings but lack of 
acceptance for these conclusions among some authorities call for further scientific evidence. Studies of new 
methods such as the establishment of wetland in tailings deposits, and the use of alternative cover materials 
including municipal waste, continue to be important. 

Development in “process- IT” to gain increased understanding of the processes and better ability to 
control the properties of the products and the efficiency of the production process. An important part of 
the work for increased productivity is improved systems for process-IT. The work focuses on measurement 
and control systems, mobile infrastructure, embedded Internet technology, man-machine interaction and the 
user's ability to understand the functions that have been created.  

Based on the Bergforsk R&D Programme, the Swedish Government in September 2006 decided to finance a 
Mining Research Programme. The Swedish government agency VINNOVA (www.vinnova.se) was granted 
SEK50 million (€5.5 million) during 2006 – 2010 on the condition that the industry contributes at least an 
equal sum; the total programme then is at least SEK100 million. Part of the programme budget is set aside 
for “innovative projects”, which may span several focus areas or constitute more visionary research activities 
with great potential and containing radical ideas and innovative thinking. A Programme Board with the 
parties represented manages the programme. The first contracts were awarded in 2007 after that VINNOVA 
and MITU signed the agreement.  

4 European status 2007 
During 2005 the European Commission proposed a Technology Platform on Sustainable Mineral Resources 
(www.etpsmr.org ) where enterprises, the European sector organisations in the extractive industries (coal, 
oil, gas, ore-based industry, industrial minerals, aggregates, natural stone) and the geological authorities’ 
cooperative bodies are together developed Vision 2030 and a Strategic Research Agenda. The industry and 
other actors in the sector took a positive view of active participation in the framework programmes in order 
to strengthen the university and create new values which an individual actor is not capable of achieving.  

The European Council now treats the mineral issues like a strategic European issue and in May 2007 asked 
the European Parliament to develop a coherent political approach with regard to raw materials supplies for 
industry, including all relevant areas of policy (foreign affairs, trade, environmental, development and 
research and innovation policy) and to identify appropriate measures for cost-effective, reliable and 
environmentally friendly access to and exploitation of natural resources, secondary raw materials and 
recyclable waste, especially concerning third-country markets. 
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The Commission included the extractive industry in the Request for Proposals in November 2007 and is 
asking for large-scale integrated projects (> € 4M in grant) within areas such as: 

• European mineral resource definition based on geological potential modelling of strategic supply; 

• Pioneering applications with new groups of materials for industrial and end consumer products in 
light of new customer needs for tomorrow's markets; 

• New strategies and technologies underlying transformation of metallic or non-metallic mineral 
resources; 

• New mineral product functionality by intelligent modification of material properties and surfaces 
within micro-, macro- and nanoscale range adding significant value to the new end products; 

• New strategies and technologies reducing the environmental footprint of mineral processing such as 
internal processing systems for re-use and recycle with closed material flows and quantitative use of 
all by-products with adapted process chains to generate additional life cycles. 

It can be noted, there is a strong overlap between the Request for Proposal and the national Bergforsk 
programme and it is thought that a strong national programme contributes to success at the European arena. 
The platform Sustainable Mineral Resources has been useful to create new contacts that for instance 
contributed to letter of intent for co-operation between Sweden and Poland mentioned previously. It is 
thought that a stronger Swedish – Polish cooperation would result in a stronger voice on the European arena.  

5 Concluding remarks 
Swedish mining industry is presently prospering in an unprecedented way. LKAB and Boliden for example 
are jointly investing close to € 3billion in increasing production capacity and thereby continue to contribute 
to considerable national and regional growth. Major equipment suppliers like Atlas Copco and Sandvik as 
well as other global Swedish suppliers of mining technology enjoy the opportunities and challenges for the 
thriving market in mining equipment.  

The paper has described some technical issues of importance for strengthened competitiveness. Many of 
these issues are of common with other companies around the world. New deposits have to be found deeper 
down in the crust and mining will go deeper. Grades are likely to be lower and mineralogy more complex. 
Most of the new mines will be in remote areas with possible labour shortage.  

The mining industry needs to continue to improve the environmental performance, increase energy 
efficiency, but also develop technology for deeper mines and improve methods for recovery and extraction 
of complex poly-metallic ores. The development must be well connected to the needs of the customer and 
the society. Besides truly technical aspects, a critical issue for the industry is to attract and educate young 
talented people that can transform the present technology for the needs of the future.  

Society has always had and always will have a basic need for minerals and metals. The mining industry and 
its associated suppliers for service and equipment contribute to the regional, national and European growth 
and wealth. The market for minerals and metals is highly competitive, and to stay in business the players 
need to be profitable and operate in harmony with society. Technological leadership is important in meeting 
current and future requirements and opportunities. This leadership can be maintained only by close co-
operation with academia and by co-operation between suppliers and customers in working towards a 
common objective. 
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Abstract 
The exploitation of the natural resources and more specifically the mineral resources takes a strategic sense 
at the end of XIX century, with a clearly economic sense. Nevertheless, it appears in second half of XX 
century an environmental sensitivity in the society, which contributes a sense of “sustainability” to these 
mining activities. The effects of the environmental impacts due the different ore deposit types, i.e., the 
“origin” of the ores in the productive chains, had not been analyzed before. In these paper, the analysis of 
the first step of the productive metal chains was set out – chains formed by the typology of deposit, the 
method of exploitation and the concentration process – by mean of two tools of environmental management 
with two different visions: the Exergetic Analysis, that evaluates the processes from an energetic point of 
view, and the Life Cycle Analysis, that focuses in the possible impacts to the environment for measurement of 
the viability or not of a process.  

The Exergetic and Life Cycle Analysis results indicate the necessity to focus the search for new ore body 
with the highest grade possible (minor earth movement), whose metallurgic process be the minor power 
consumption but at the same time it gets the best recovery.  

1 Introduction 
The mining activity, traditionally, has been considered as a hazard to the environment; however the mining 
industry has always promoted the rational use of the resources. The appearance of the environmental 
sensitivity, fundamentally in the second half of the XX century and over all in the last years, adds new 
considerations and attitudes in the environment valuation of the use of resources. The use of Environmental 
Evaluation Tools is increasing to take decisions; however, in the mineral sector it is rarely applied in the 
early stage of the metal extraction (Moberg, A. 1999) (Finneveden, G. ; Moberg, A. 2003). In this paper it is 
to consider evaluating these early stages that forms a “productive chain” integrated with the ore deposit 
typology, exploitation method and the benefice process to obtain a metal in form of concentrate. The 
evaluation was done utilizing and adapting the Exergetic methodology analysis and the Life Cycle analysis, 
to classify these chains depending on their environmental impacts. 

The main objective focus on score and classify the metal productive chains on an environmental way, 
knowing the whole energetic consumption, material flow and ambient emissions to propose the adequate 
typologies, the exploitation process technology development and benefit with an environmental reasoning. 

2 Methodology 
The methodology was as follow: 

• Selecting the valuation tool; after surveying the majority of the available techniques, it was decided 
to sort two methodologies that have similar focus but at the same time exclusionary; thus the 
Exergetic analysis and the Life Cycle analysis were chosen. 

• Productive chains integration. The ore deposit typology; exploitation method and concentration 
method of twelve metals that represent the 88 percent of the global production were selected taking 
in consideration the most possible chain heading. The data required to value were real data obtained 
from the main mines in the world, both, historical and operational data.  
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• Valuation tool application. Once selected the chains, this are evaluated using both methodology. 

• Result analysis. The results were compared and for each metal in particular the chains were 
classified in function of the environmental impact. 

2.1 Life cycle analysis Methodology 
Life cycle analysis is a traditional tool developed and applied to measure the environmental performance of 
products and services in a holistic way “from the cradle to the tomb” (Ayres, et al., 1998). In the last years 
this powerful tool has been evolving to been used in takes decisions heading towards the humanity’s 
“sustainable development” and increasingly it is considered that the approach should be to design the 
resurrection  

The results of LCA (life cycle analysis) gives an environmental, social and economic profile according the 
reference terms previously established, this way the interested parts should take a wise decision balancing 
the interest prevail to develop the society, community that is been represented (SETAC, 1999). 

In conclusion, the LCA offers an excellent tool, with scientific background, to the take decision process 
whose results can be verified and repeated. The application responds to an international normative ISO, 
14040 series. (ISO, 1999). 

 The LCA consists in a kind of environmental accounting where the products and environmental effects 
generated along the life cycle are loaded; this loaded information must be quantified property (Wrisberg, R. 
1997). 

2.2 Exergetic Analysis Methodology 
The exergy is the maximum quantity of work obtainable from an imbalance between a system and its 
surroundings (Schijndel, P; 2003). The imbalance consists in that the dynamic variable value is different for 
the system and for the surrounding, and thus both of themes are in an imbalance situation. If it is used, in the 
process to reach the equilibrium, a device that works with friction and dissipation, then all the available 
energy do not transforms to work, just part of it; the rest will dissipate and will waste; this is considered as a 
waste of resources. An alternative way to measure the well use of the Exergetic resources is trough the 
Exergetic efficiency that is defined as the relation between the minimum exergy and the consumed exergy in 
the task (Rivero, R; Montero, G. 2002). The Exergetic efficiency or task efficiency is different to the 
traditional mechanical device’s efficiency or thermodynamics called energetic efficiency. The mechanical or 
thermodynamic efficiency is calculated as the relation between the out put energy or useful energy and the 
entrance energy to the device (as example, in a thermoelectric plant, the efficiency is the relation between the 
electric energy and the heat generated in the boiler).  

The nature do not provide the minerals, rocks, water, nor fuel ready to use in the industry, it means that it is 
necessary to separate the components and purify them. Those firsts physical stages are great scale energy 
consumers and the energy required to separate a component from a dissolution (liquid, solid, gas) is 
proportional to the inverse of the concentration. Thus, if we want to separate a compound that has a 
concentration of 1 times 1000 it cost at least 10 times more energy if it was at 1 times 100 and in the same 
way, it cost at least 10 times more if it was at 10 times 100. the ironic is that thermodynamic say that the 
minimum separation energy is the same when the components mix, it means that the inefficiency of the 
process is enormous (Alvarado. et al., 1990). 

Mineral case, it is proposed to consider the mine resource’s mineral conditions that is several times greater 
than the concentration found in the earth crust, limit mineral concentration which it should be obtain if all 
actual mineral reserves and resources were exploited. (Finnveden, G.; Östlund, P. 1997). But a mineral 
resource has a thermodynamic value due the chemical composition it present; as it is well know, not all 
minerals that contains an element can be considered as source of these element, thus, the mineral’s 
thermodynamic value has two components, one due the mine’s concentration and other due the specific 
composition (Masini, et al., 2001).  

Some authors have proved that the element’s physical exergy or concentration exergy in a mine is given by 
the equation 1:  
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Where R is the gas universal constant, T is the reference temperature (298 K) and Xi is the element’s 
concentration.  

3 Data 

3.1 Productive chain integration.  
As it was said before a productive chain is a cumulus of processes to obtain a benefit or well. In the mining 
industry case, these processes are all the necessary operations to take and transform the minerals present in 
the heart crust to a point where the industry can use it (metal or pure metal, concentrate, etc.) 

In these work, the productive chains are formed by the cumulus of necessary processes to take the metal 
from his natural state to a concentrated state (mining concentrate), from which some pollutants and sterile 
that accompany such metal had been remove; of course those pollutants depend on the ore body type where 
the metal is in, on the exploitation method and on the required concentration process. 

The schematic representation would be: 

 
 
 
 
 

Due all this, the productive chains to consider are summarized in the table 1. (Each of these chains had been 
identified with a code to simplify the identification) 

Table 1  Metal’s production chain to consider. Source: Self elaboration  

METAL ORE BODY TIPOLOGY 
EXTRACTION 

METHOD 
POSIBILITY  

CONCENTRATION METHOD 
POSIBILITY  ID CODE  (1) 

Aluminum  Lateritious (L) Superficial Classification and washing (C) AlLSC 
     

Flotation (F) CuPSF Superficial Heap Leaching (H) CuPSH 
Flotation CuPUF Porphyry  Cupriferous (P) 

Subterraneous Heap Leaching CuPUH 
Superficial Flotation CuSSF Massive Sulfur (S) Subterraneous Flotation CuSUF 

Volcanogenic (V) Subterraneous Flotation CuVUF 
Stratified  (E) Subterraneous Flotation CuEUF 

Copper 

Pyromethasomatic (Pi) Subterraneous Flotation CuPiUF 
     

Stratified Superficial Classification and washing  CrESC Chromo Podiforms (Po) Superficial Classification and washing CrPoSC 
     

BIF y Ironstones (B) Superficial Classification and washing FeBSC 
Pyromethasomatic  Superficial Classification and washing FePiSC 
Volcanogenic Superficial Classification and washing FeVSC Iron  

Replacement  (R) Superficial Classification and washing FeRSC 
     

Superficial Classification and washing MnEsSC Exhalative Sedimentary (Es) Subterraneous Flotation MnEsUF 
Sedimentary (Se) Subterraneous Flotation MnSeUF 
Volcanogenic Subterraneous Flotation MnVUF 

Manganese 

Lateritious Superficial Classification and washing MnLSC 
     
Níquel Associates to Mafic and Subterraneous Flotation NiMUF 

ORE 
TIPOLOGY 

EXPLOITATION 
METHOD 

MINING 
CONCENTRATE 

CONCENTRATION 
PROCESS 
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METAL ORE BODY TIPOLOGY 
EXTRACTION 

METHOD 
POSIBILITY  

CONCENTRATION METHOD 
POSIBILITY  ID CODE  (1) 

Ultramafic  Rocks (M) Superficial Flotation NiMSF 
Flotation NiLSF Lateritious 

 
Superficial 
 Classification and washing NiLSC 

     
Flotation AuEbUF 
Lixiviation Dynamic (Lx) AuEbULx Subterraneous 

 
Heap Leaching AuEbUH 
Flotation AuEbSF 
Lixiviation Dynamic AuEbSLx 

Epithermal low Sulfur   (Eb) 
 

Superficial 
 

Heap Leaching AuEbSH 
Lixiviation Dynamic AuPlULx 
Heap Leaching AuPlUH Subterraneous 

 
Gravimetric (G) AuPlUG 
Heap Leaching AuPlSH 

Placers (Actual y Fossils) (Pl) 
 

Superficial 
 Gravimetric AuPlSG 

Flotation AuPSF Porphyry Cupriferous 
 

Superficial 
 Heap Leaching AuPSH 
Subterraneous Flotation AuSUF Massive Sulfur  

 Superficial Flotation AuSSF 
Flotation AuHUF 

Gold  

Hydrothermal (except 
epithermal) (H) 
 

Subterraneous 
 Lixiviation Dynamic AuHULx 

Flotation  AgEbUF 
Lixiviation Dynamic  AgEbULx 

Subterraneous (U) 
 

Heap Leaching  AgEbUH 
Flotation AgEbSF 
Lixiviation Dynamic AgEbSLx 

Epithermal low Sulfur   
 

Superficial (S) 
 

Heap Leaching AgEbSH 
Subterraneous 
 Flotation AgSUF 

Massive Sulfur 
 Superficial 

 Flotation AgSSF 

Flotation AgPSF Porphyry Cupriferous 
 

Superficial 
 Heap Leaching AgPSH 

Hydrothermal (except 
epithermal) Subterraneous Lixiviation Dynamic AgHULx 

Flotation AgEsUF Subterraneous 
 Lixiviation Dynamic AgEsULx 

Flotation AgEsSF 

Silver 

Exhalative Sedimentary 
 Superficial 

 Lixiviation Dynamic AgEsSLx 
     

Subterraneous Flotation PbExUF Stratified type Sedex (Ex) 
 Superficial Flotation PbExSF 
Stratified type MVT (Em) Superficial Flotation PbEmSF 
Epithermal  Subterraneous Flotation PbEUF 

Lead  

Replacement Subterraneous Flotation PbRUF 
     

Subterraneous Flotation ZnExUF Stratified type Sedex 
 Superficial Flotation ZnExSF 
Stratified type MVT Superficial Flotation ZnEmSF 
Epithermal Veins Subterraneous Flotation ZnEUF 

Zinc 

Replacement Subterraneous Flotation ZnRUF 
     

Superficial Gravimetric PMSG Associates to Ultramafic rocks  
 Subterraneous Lixiviation Dynamic PMULx PGM 
Ore  Sulfured (Ms) Superficial Flotation PMsSF 

     
Associates  to Mafic Rocks  Subterraneous Gravimetric TiMUG 

Titanium 
Placers sea shore  Superficial Gravimetric TiPlSG 
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4 Results  

4.1 Valuation tool application: Exergetic Analysis 
It was necessary to calculate the below exergy 

• Exergy to concentrate from the cortical value to a pure state, as a reference (1) 
• Exergy to concentrate from the ore body grade to a pure state (2) 
• Exergy to concentrate from the concentrated grade to a pure state (3) 

When we obtain the difference between (3) and (2) we have the exergy to concentrate a mineral with an ore 
body grade to an intermediate grade, or concentrated grade.  

As an example; the productive chains of CuPSF (porphyry, open pit and concentrated by flotation copper ore 
body) show these results: 

• Cortical concentration: 0,00005% Cu (same as 7,8695E-07 mol/gram) 
• Average grade of the porphyry copper ore body: 0,0054% (8,4991E-05 mol/gram) 
• Average grade of the obtained concentrated: 0,28% (0,004407 mol/gram) 

Replacing these values on equation 1: 

• Exergy from the cortical to a pure state: 31.885,85 Kj 
• Exergy from ore body average grade to a pure state: 21.263,79 Kj 
• Exergy from concentrated grade to a pure state: 12.306,35 Kj 
• Exergy from ore body average grade to a concentrated: 8.957,44 Kj 

Going forward with the example, the chain CuPSF uses an average of 63.711,00 Kj of energy to process on 
metric tone, thus, its efficiency exergetic ratio would be 63.711,00/8.957,43 = 7,11, it means that it is used 
7,11 time more energy than was calculated; but these energetic consumption concentrate 5,4 kilograms of 
copper (the ore body grade), thus, the environmental exergetic index is 7,11/5,4=1,317; if we do the same 
with each chain (Table 2): 

Table 2 Productive chains metal’s Exergetic efficiency and environmental exergetic index. Source: 
Self elaboration. 

CHAIN ID CODE 

EXERGY FROM ORE 
BODY GRADE TO 
CONCENTRATED  

(PER TON) 

REAL PROCESS 
ENERGY PER 

TON 

EXERGETIC 
EFFICIENCY 

(ER / EX) 
 

  
ENVIRONMENTAL 

EXERGETIC 
INDEX 

AlLSC 2.294,95 18.791,02 8,19 0,03 
     

CuPSF 8.957,44 63.711,00 7,11 1,32 
CuPSH 8.957,44 16.021,99 1,79 0,33 
CuPUF 7.885,27 88.460,00 11,22 1,13 
CuPUH 7.885,27 40.770,99 5,17 0,52 
CuSSF 8.368,70 63.711,01 7,61 1,09 
CuSUF 6.796,21 88.460,00 13,02 0,81 
CuVUF 6.382,59 88.460,00 13,86 0,82 
CuEUF 5.480,81 88.460,00 16,14 0,65 
CuPiUF 7.798,56 88.460,00 11,34 1,26 

     
CrESC 1.527,57 18.791,02 12,30 0,06 
CrPoSC 1.665,10 18.791,00 11,29 0,06 

     
FeBSC 919,85 18.791,17 20,43 0,04 
FePiSC 1.392,96 18.790,95 13,49 0,03 
FeVSC 830,87 18.790,84 22,62 0,04 
FeRSC 641,04 18.790,79 29,31 0,06 

     
MnEsSC 1.945,24 18.790,93 9,66 0,03 
MnEsUF 1.685,24 88.460,00 52,49 0,17 
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CHAIN ID CODE 

EXERGY FROM ORE 
BODY GRADE TO 
CONCENTRATED  

(PER TON) 

REAL PROCESS 
ENERGY PER 

TON 

EXERGETIC 
EFFICIENCY 

(ER / EX) 
 

  
ENVIRONMENTAL 

EXERGETIC 
INDEX 

MnSeUF 1.572,49 88.460,00 56,25 0,17 
MnVUF 1.744,53 88.460,00 50,71 0,17 
MnLSC 2.027,74 18.791,08 9,27 0,03 

     
NiMUF 6.693,85 88.460,00 13,22 0,97 
NiMSF 7.477,03 63.711,00 8,52 0,85 
NiLSF 7.675,90 63.711,00 8,30 0,87 
NiLSC 7.675,90 18.791,00 2,45 0,26 

     
AuEbUF 8.700,34 88.460,00 10,17 1,57 

AuEbULx 8.700,34 86.480,00 9,94 1,53 
AuEbUH 8.700,34 40.770,99 4,69 0,72 
AuEbSF 8.721,44 63.711,00 7,31 2,28 

AuEbSLx 8.721,44 61.731,00 7,08 2,21 
AuEbSH 8.721,44 16.022,00 1,84 0,57 
AuPlULx 9.941,20 86.480,00 8,70 5,80 
AuPlUH 9.941,20 40.771,00 4,10 2,73 
AuPlUG 9.941,20 45.175,00 4,54 3,03 
AuPlSH 10.953,66 16.022,00 1,46 7,31 
AuPlSG 10.953,66 20.426,00 1,86 9,32 
AuPSF 11.367,28 63.711,00 5,60 140,12 
AuPSH 11.367,28 36.049,50 3,17 79,28 
AuSUF 11.851,80 88.460,00 7,46 5,33 
AuSSF 13.178,80 63.711,00 4,83 53,72 
AuHUF 8.820,14 88.460,00 10,03 1,09 

AuHULx 8.820,14 86.480,00 9,80 1,06 
     

AgEbUF 7.246,42 88.460,00 12,21 0,10 
AgEbULx 7.246,42 86.480,00 11,93 0,10 
AgEbUH 7.246,42 40.771,18 5,63 0,05 
AgEbSF 8.399,15 63.711,07 7,59 0,21 

AgEbSLx 8.399,15 61.731,07 7,35 0,20 
AgEbSH 8.399,15 16.022,00 1,91 0,05 
AgSUF 5.445,99 88.460,00 16,24 0,24 
AgSSF 6.485,73 63.711,03 9,82 0,23 
AgPSF 10.967,88 63.711,00 5,81 3,65 
AgPSH 10.967,88 16.022,00 1,46 0,92 

AgHULx 7.526,90 86.480,00 11,49 0,09 
AgEsUF 8.542,34 88.460,00 10,36 0,24 

AgEsULx 8.542,34 86.480,00 10,12 0,23 
AgEsSF 8.111,60 63.711,01 7,85 0,28 

AgEsSLx 8.111,60 61.731,01 7,61 0,27 
     

PbExUF 5.285,63 88.460,00 16,74 0,33 
PbExSF 6.710,59 63.710,97 9,49 0,35 
PbEmSF 3.180,16 63.711,18 20,03 0,16 
PbEUF 3.984,27 88.460,00 22,20 0,25 
PbRUF 6.318,07 88.460,00 14,00 0,44 

     
ZnExUF 6.452,40 88.460,00 13,71 0,43 
ZnExSF 7.518,66 63.711,01 8,47 0,42 
ZnEmSF 6.452,40 63.711,06 9,87 0,31 
ZnEUF 5.162,67 88.460,00 17,13 0,30 
ZnRUF 6.314,86 88.460,00 14,01 0,41 

     
PMSG 16.602,96 20.426,00 1,23 1,95 

PMULx 16.602,96 86.480,00 5,21 8,27 
PMsSF 22.264,05 63.711,00 2,86 20,44 

     
TiMUG 1.110,60 45.174,99 40,68 0,11 
TiPlSG 1.803,40 20.425,97 11,33 0,04 
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4.2 Life Cycle Analysis Valuation 
Once we know the consumption and emissions of each productive chain and based on a BUWAL´s modified 
methodology (Ahbe, et al., 1990, Goedkoop, et al., 2001) , it was possible to score each one of the productive 
chains (Table 3); it is better shown in the next example:  

The chain CuPSF consume, to produce a Kilogram of copper as a concentrate: 0,58 Kg. of diesel, 0,072 Kg. 
of wearing steel, 0,025 Kg. of drilling steel, 0,006 Kg. of tires, 0,126 Kg. of explosive, 2,8 Kg. of lime, 0,075 
Kg. of sodium hydroxide, 0,098 Kg. of other chemicals, 39,309.68 Kj of energy. These consumption of 
elements generate the next emissions  

Nitrogen 
Compounds  

Suspension 
Solids    Cyanide  Sulfuric 

Acid  NOx VOC CO2 CO 

1.20E-02 2.70E-05 4.38E-06 2.42E-03 1,97E-02 1,85E-03 9,50E+00 2,95E-02 

N2O SO2 Dust  Solids Dangerous 
Residues  

Solids 
Recyclables 

Waste 
Material  
(rock) 

1,63E-04 1,46E-02 3,31E-01 3,32E+01 6,84E-05 4,66E-01 6.16E+02 

Multiplying the emission values corresponding to the references items for each impact’s category we obtain 
the category’s value, in our example: for the toxicity human damage = (6,48E-05 · 0,2) + (4,38E-06 · 0,5) + 
(1,85E-03 · 0,3) = 0,0005709; these value is multiply by the normalized value, 100 in our case, 100 · 
0,0005709 = 0,05709, such number will be add to the other values obtained from the other impact categories, 
the final result is 58,93.  
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Table 3 Factors applied to the impact categories for the life cycle analysis of the natural resources 
evaluation (Ecopoints 97 Methodology). Source: modified from BUWAL, 1998 

Reference Substance 
 

 
Correction   

Factor 
 

Impact criteria  
Normalizing  

and Evaluation 
Factor* 

Hazard solids residues   

 
0,2 

Cyanide  0,5 

VOC 0,3 

toxicity Human damage   100 

total solids residues 0,4 

Cyanide 0,2 

Compounds  nitrogen 0,4 

Ecosystem damage  2,5 

NOx 0,2 

Oxide nitrous 0,2 

Compounds  nitrogen 0,6 

Aquatic Eutrophization   2,5 

Dust  0,2 

total solids residues 0,4 

NOx 0,4 

land Eutrophization  0,5 

Affected Area 1 The natural land used 0,5 

Dust 0,3 

VOC 0,7 

Summer fog  / atmospheric   photo-chemistry 

oxidation  
2,5 

% used resources  1 Natural resources used  0,5 

SO2 0,3 

CO 0,1 

VOC 0,6 

Ozone  layer deterioration   100 

CO 0,3 

CO2 0,7 
Green house  effect   2,5 

NOx 0,2 

SO2 0,5 

H2SO4 0,3 

Media acidification  10 

*Weighting factor that provides and gives the same importance to each effect, BUWAL methodology.  
 
 
Doing the same for each chain (Table 4):  

Table 4 Environmental damage evaluation (Ecopoints) for each metal productive chain. Source: Self 
elaboration. 

CHAIN ID CODE 

ENVIRONMENTAL DAMAGE 

VALUATION  

(ECOPOINTS) 

AlLSC 5,65 

CuPSF 58,93 
CuPSH 18,20 
CuPUF 27,35 
CuPUH 13,28 
CuSSF 45,65 
CuSUF 17,02 
CuVUF 16,29 
CuEUF 11,07 
CuPiUF 30,11 

CrESC 5,36 
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CHAIN ID CODE 

ENVIRONMENTAL DAMAGE 

VALUATION  

(ECOPOINTS) 

CrPoSC 5,33 

FeBSC 1,63 
FePiSC 1,64 
FeVSC 1,62 
FeRSC 1,63 

  
MnEsSC 2,86 
MnEsUF 6,08 
MnSeUF 7,21 
MnVUF 8,66 
MnLSC 3,21 

NiMUF 23,15 
NiMSF 37,58 
NiLSF 44,96 
NiLSC 16,85 

AuEbUF 43,87 
AuEbULx 42,69 
AuEbUH 20,32 
AuEbSF 120,82 

AuEbSLx 116,82 
AuEbSH 33,22 
AuPlULx 183,51 
AuPlUH 86,79 
AuPlUG 102,92 
AuPlSH 6.456,89 
AuPlSG 6.698,80 
AuPSF 137.947,42 
AuPSH 66.892,26 
AuSUF 192,02 
AuSSF 42.873,92 
AuHUF 29,51 

AuHULx 28,72 

AgEbUF 2,41 
AgEbULx 2,35 
AgEbUH 1,27 
AgEbSF 8,06 

AgEbSLx 7,80 
AgEbSH 2,90 
AgSUF 4,22 
AgSSF 8,31 
AgPSF 197,82 
AgPSH 53,76 

AgHULx 2,47 
AgEsUF 6,74 

AgEsULx 6,56 
AgEsSF 10,32 

AgEsSLx 9,98 

PbExUF 5,60 
PbExSF 10,67 
PbEmSF 2,60 
PbEUF 2,89 
PbRUF 7,75 

ZnExUF 8,66 
ZnExSF 14,03 
ZnEmSF 7,22 
ZnEUF 4,45 
ZnRUF 7,40 

PMSG 140,88 
PMULx 583.868,37 
PMsSF 6.562,47 

TiMUG 4,09 
TiPlSG 3,26 
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5 Discussion  
The exergetic analysis, as it was predictable, values the productive chains and gives an important weight to 
the energy efficiency consumption leaving little a side the generated impacts.  

From the sustainable point of view, the Exergetic Analysis indicates that the exploitation should be done in 
those ore deposits with the higher ore grades, using underground mines and concentrating the minerals with 
the lowest energy consumption process, such hydrometallurgy closing the metallurgy to the mining 
exploitation. 

The Life Cycle Analysis consider the energy consumption and the rock hauling that’s why it shown its own 
as a very useful environmental management tool valuing the metal obtaining stages. 

About the life cycle analysis, instead it depends on the energy consumption, it considers too the 
environmental impacts of the mass earth movement and create boundaries where the environmental effects 
due the mass earth movement is the controlling factor, and when these earth movements become bigger then 
the controlling factor is the energy consumption  

 Once we have the results, applying the indicators, we deduce the necessity to develop the exploitation and 
concentrating technology to make them more efficient, technical and environmental efficiency, due to the 
technology’s application has a strong relation in the environmental score in the productive processes. 

The precious metals impact more in the energetic consumption as in the waste production and environmental 
impact. 

It seems to be a enormous consequences, but we should ask our selves the necessity to utilize the precious 
metals, due the strong impact generated in the production of these metals, it is possible to substitute metals 
with some other instrument in the financial environment leaving the use of the metals just for the industrial 
application where in some cases is irreplaceable. 

It is hard to choose new targets for the new ore body’s exploration; however, understanding the results, it is 
necessary to focus the search in those ore bodies with the right typology, for each specific metal, where the 
earth movement and hauling would be the minor, where the concentration’s energy consumption would be 
the minor and the metal recovery would be the maximum. 
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Abstract 
A systematic study of ground water conditions at eight underground mine sites exhibiting a wide range of 
ground water qualities throughout Australia has been completed at the WA School of Mines. This has 
resulted in a new corrosivity classification for ground water driven corrosion processes for cement grouted 
cable strand used in the Australian underground mining industry. The new corrosivity classification is 
simple to use and corrosion rates may be predicted from readily obtained in-situ measurements of ground 
water dissolved oxygen. 

1 Introduction 
The corrosion of rock reinforcement and support systems and the effect on their load bearing capacities has 
not been widely researched and is generally not well understood. While there is much literature relating to 
the phenomenon of corrosion it is not always applicable to the hard rock underground mining environment. 
Corrosion reduces the capacity and life expectancy of ground support creating a number of safety concerns 
and operational difficulties in underground mining (See Figure 1). 

 

Figure 1 Severely corroded cement grouted cablebolt arrangement 

2 Environmental conditions in Australian underground mines 
A comprehensive data collection survey of environmental variables within eight Australian underground 
mines was undertaken within this project (Hassell et al, 2004). The location of the mines are shown in Figure 
2. 
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Figure 2 Location of assessed underground mines 

A Corrosion Assessment System (Hassell, 2007) was used to collect a wide variety of information at 
numerous locations within each underground mine. While only specific locations were examined, they were 
selected to ensure an accurate representation of the different environments within a mine.  

As part of the data collection, the key atmospheric variables were collected at every site. These included the 
quality of the ventilation; whether it was fresh air or part of the mine exhaust, its flow rate and if there was 
an observable level of particulates. The wet and dry bulb temperatures were measured using a hygrometer 
from which the relative humidity was calculated. 

If groundwater was present in sufficient quantities to be collected, it was analysed in-situ using a portable 
TPS 90-FLMV field device (www.enviroequip.com.au). This analysis provides measurements of 
groundwater temperature, pH, dissolved oxygen levels and TDS concentrations. The source of the water; 
whether a fault, joint, borehole or a combination is noted along with the rate of flow. The flow rate was 
described qualitatively using nomenclature from the Rock Mass Rating classification (Bieniawski 1989). 
Samples of groundwater were also collected and assayed in a laboratory to determine the concentration of 
dissolved ions. Often the groundwater flow was not sufficient to collect an adequate sample. These regions 
were classified as wet if some water flow was occurring or damp if water is present but there are no signs of 
dripping or actual flow. 

The underground mines studied displayed a large range in the values of groundwater variables such as TDS, 
pH, dissolved oxygen, temperature and the dissolved ionic species. Table 1 displays the average of the 
variables that were measured in situ at all mine sites. Variability with groundwater quality on a local mine 
scale is seen and also regional trends could be observed. 

The rate of groundwater flow varied from site to site within a mine with the majority classified as either 
damp or wet with the only flowing water occurring in few large scale faults. Some areas showed evidence 
through salt deposition of previous groundwater flow. Using the borehole camera it was observed that some 
of these areas still contain some groundwater away from the excavation boundary and were classed as damp. 
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Table 1 Average in situ groundwater measurements at Australian underground mines 

 

TDS pH
Dissolved 
Oxygen TemperatureMine 

Site mg/l pH units mg/l °C

A 203,416 6.20 1.89 19.2

B 2,610 7.8 4.02 30.0

C Aquifer 1 4,540 7.39 5.55 19.7

C Aquifer 2 66,500 6.99 3.22 20.6
D 7,860 7.5 4.13 33.0

E Aquifer 1 47,250 7.3 4.35 26.5

E Aquifer 2 97,933 7.35 2.93 26.5

F 99,936 7.06 3.23 23.0

G Aquifer 1 12,260 8.30 3.53 28.6
G Aquifer 2 49,750 7.23 2.48 29.2

H Aquifer 1 44,000 7.40 3.13 24.0

H Aquifer 2 97,800 7.03 3.09 20.5

I 185,197 7.38

TDS pH
Dissolved 
Oxygen TemperatureMine 

Site mg/l pH units mg/l °C

A 203,416 6.20 1.89 19.2

B 2,610 7.8 4.02 30.0

C Aquifer 1 4,540 7.39 5.55 19.7

C Aquifer 2 66,500 6.99 3.22 20.6
D 7,860 7.5 4.13 33.0

E Aquifer 1 47,250 7.3 4.35 26.5

E Aquifer 2 97,933 7.35 2.93 26.5

F 99,936 7.06 3.23 23.0

G Aquifer 1 12,260 8.30 3.53 28.6
G Aquifer 2 49,750 7.23 2.48 29.2

H Aquifer 1 44,000 7.40 3.13 24.0

H Aquifer 2 97,800 7.03 3.09 20.5

I 185,197 7.38 2.98 14.6

J 4,140 7.28 4.42 27.3
 

The pH of the natural mine groundwaters sampled had a pH range of 6.20 to 8.30, which varies only slightly 
from neutral, at pH 7. The temperature of the groundwaters in the sampled Australian mines ranged from 
14.6°C to 33.0°C. Higher temperatures were seen in mines in eastern Australia, due to the higher ambient 
rock temperatures, a product of the younger geological age of the region.  

The dissolved oxygen concentration ranged in values from a low of 1.89 mg/l at Mine A to a high of 5.55 
mg/l within Mine C Aquifer 1. The solubility of oxygen in water is a function of temperature and salinity. A 
comparison of the measured dissolved oxygen at the mine sites and the calculated dissolved oxygen from the 
temperature and salinity (Kester, 1975) is shown in Figure 3. The experimental results show that both higher 
temperatures and salinity will reduce the dissolved oxygen content. 
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Figure 3 Calculated dissolved oxygen (Kester, 1975) compared to actual measured 
concentrations 
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3 Simulated underground environment 
Six corrosion chambers (Figure 4) were designed and constructed to simulate the corrosive environments of 
the underground mines under consideration. This allowed long-term studies of corrosion rates for different 
reinforcement materials under controlled experimental conditions (Hassell et al., 2006).  

The testing to be carried out required a large volume of space that could not be provided by commercially 
available corrosion chambers. Therefore, it was decided to construct a set of purpose built units (2m wide, 
2.5m long and 2m high). 

 

 

Figure 4 A typical WASM corrosion chamber experiment.  

Each chamber had its own independent instrumentation unit, located on the outside of the chambers and 
connected directly to a humidifier and a heat lamp. Variations in the temperature of ±2°C and humidity ±5% 
from the set average caused the processing unit to either turn on or off the heat lamps and humidifier keeping 
the atmospheric conditions within a set range. 

Groundwater was collected directly from the rock masses of underground mines and transported to the 
corrosion chambers. An electric pump was used to propel the water through purpose built reticulation. This 
produced a constant supply of dripping or flowing groundwater being applied to the reinforcement and 
support being tested. The water flowed back into the rubber lined sump and was recirculated.  

The groundwater was periodically analysed using a portable water analyser that gave immediate readings of 
the temperature, pH and dissolved oxygen. When the conditions departed from the underground situation the 
water was changed. The mean values and standard deviations for each constituent over the length of the 
experiments are shown in Table 2. The variations in water properties occur for a number of reasons. The 
temperature of the water is controlled by the atmospheric temperatures; any change in it will affect the 
groundwater, which has a flow on effect to the dissolved oxygen. Rises in salinity were observed over time 
due to evaporation of the water and concentration of the dissolved ions. This again subsequently affected the 
dissolved oxygen. Of the measured parameters only the pH had little variation. 

The groundwater collected from the participating mine sites had to be replenished as water was being lost 
from the corrosion chamber systems. As groundwater from the same aquifer displays variations in 
constituents, each batch of supplied groundwater was found to be slightly different. Before any new 
groundwater was added to the chambers it was first analysed to make sure it was comparable. At two mines 
it was not possible to collect groundwater from the same location. At Mine D a rock fall prevented re-entry 
and at Mine H the area had been mined out and ventilation was not adequate for entry. At Mine C it was 
decided to change the groundwater as it had recently been intersected in deeper development excavations and 
was of greater interest to the mine. 
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Table 2 Average groundwater quality for each corrosion chamber 

 
Temp
(°C)

Dissolved 
Oxygen

mg/l

pH
pH units

TDS
mg/l

Chamber
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Mine A 26.42 3.19 1.72 0.39 7.32 0.22 172,000 8,474
Mine C 26.28 2.01 3.17 0.50 7.69 0.46 37,644 17,046
Mine D 32.68 4.42 3.44 0.67 7.36 0.78 18,630 9,591
Mine F 26.24 1.92 2.48 0.39 7.27 0.78 79,200 15,651
Mine G 26.29 2.24 3.76 0.40 7.48 0.49 14,782 2,899
Mine H 27.10 4.27 2.78 0.54 7.82 0.26 38,005 7,862

Temp
(°C)

Dissolved 
Oxygen

mg/l

pH
pH units

TDS
mg/l

Chamber
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Mine A 26.42 3.19 1.72 0.39 7.32 0.22 172,000 8,474
Mine C 26.28 2.01 3.17 0.50 7.69 0.46 37,644 17,046
Mine D 32.68 4.42 3.44 0.67 7.36 0.78 18,630 9,591
Mine F 26.24 1.92 2.48 0.39 7.27 0.78 79,200 15,651
Mine G 26.29 2.24 3.76 0.40 7.48 0.49 14,782 2,899
Mine H 27.10 4.27 2.78 0.54

Temp
(°C)

Dissolved 
Oxygen

mg/l

pH
pH units

TDS
mg/l

Chamber
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Ave St 

Dev
Mine A 26.42 3.19 1.72 0.39 7.32 0.22 172,000 8,474
Mine C 26.28 2.01 3.17 0.50 7.69 0.46 37,644 17,046
Mine D 32.68 4.42 3.44 0.67 7.36 0.78 18,630 9,591
Mine F 26.24 1.92 2.48 0.39 7.27 0.78 79,200 15,651
Mine G 26.29 2.24 3.76 0.40 7.48 0.49 14,782 2,899
Mine H 27.10 4.27 2.78 0.54 7.82 0.26 38,005 7,862  

3.1 Results for cement grouted cable strand 
Cement grouted reinforcement is commonly used in Australian underground mines for its high load transfer 
capacity and resistance to corrosion damage. This resistance is provided by the protective alkaline 
environment of the cement grout and the physical barrier it provides from the surrounding environment. 
Experience, however, has shown that corrosion begins once the cement grout barrier is removed. This occurs 
by cracking of the grout column due to ground movement, blast damage, or in sections where the element is 
exposed from inadequate installation. 

In an effort to better understand the response of cement grouted strand to corrosion attack following cracking 
of the grout column and infiltration of groundwater a variety of strand combinations were placed within the 
six corrosion chambers.  

Cable bolts utilised within the Australian mining industry commonly use a 7-wire, stress relieved, high 
tensile steel strand with plain (round) wires. Six wires are laid helically around a slightly larger diameter 
central (king) wire. The regular 15.2 mm diameter strand can be produced to provide a number of grades that 
provide differing yield and ultimate load capacities. Standard strand has a minimum yield force capacity of 
213 kN and a minimum breaking force of 250 kN. Plain and bulbed strand cablebolts were tested. 

The methodology used to investigate the load capacity of the cablebolt elements under corrosive conditions 
is the split pipe testing system (Villaescusa et al, 1992). The elements were pull tested at periodic intervals to 
determine how corrosion affects the reinforcement effectiveness with time for different environments. The 
system is shown in Figure 5 and consists of two 500 mm long, galvanised, 68 mm diameter pipes that have 
been temporarily welded together at the split, which simulates a geological discontinuity. Cement grout 
mixes made from Portland cement (included the Methocel additive - 2g per kg of cement) and having a water 
cement ratio of 0.35 were mixed and pumped into the split-pipes using a MBT GP2000A grout pump. 

To examine the effect of corrosion over time each specimen was routinely tested using a 50 tonne hydraulic 
Avery machine type 7110 DCJ. A maximum load of 170-175 kN for the cablebolt strand elements or a 
maximum displacement of 10 mm, whichever came first, was applied in all tests. These loads are well below 
the tensile strength of the elements, thus any failure could be attributed to the corrosion damage. Also, load 
transfer over an embedment length of 0.5m means that the plain strand elements would not be able to utilise 
its full capacity, therefore for each test a 10mm limit was placed on the maximum displacement. This was to 
ensure that the specimens could be re-tested following more time under corrosive conditions in the 
chambers. 
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Figure 5 Schematic of the split-pipe testing system  

Pull testing of the split pipes was undertaken initially after intervals of 6 months in the corrosion chambers. 
Following the 733 day test due to failure of some elements the interval was reduced to 3 months. Pull testing 
was therefore conducted at 181 days, 361 days, 546 days, 733 days, 837 days, 922 days, 1034 days and 1132 
days. Failure of the strand was characterised by breaking of one to six of the outside wires. 

The evolution of corrosion damage from non-corroded to severe corrosion is shown in Figure 6. The non-
corroded state occurs when the crack is initially opened and the grout cover is removed. The application of 
groundwater to the exposed strand creates increasing levels of corrosion damage culminating in failure, 
generally when severe corrosion damage has occurred. Severe corrosion damage is characterised by strong 
pitting corrosion around the circumference of the exposed strand reducing the cross-sectional area of steel 
and thus the tensile strength of the element. 

It was noted that prior to the 181 day test no significant corrosion had occurred on the cable strands. This 
was a product of insufficient opening of the crack combined with self healing of the grout preventing water 
ingress. The research concluded that at least 2 mm crack width is needed for before significant corrosion 
occurs. No statistical variation between the plain and bulbed strand information could be determined, hence 
the data was grouped by corrosion chambers. The data illustrates the tendency for failures to occur during 
similar time periods for specimens from the same corrosion chamber. This implies that the different 
environmental conditions in each chamber affect the rate of corrosion differently and therefore failure times. 

3.2 Calculation of corrosion rates 
The most widely used and simplest method of corrosion monitoring involves the exposure and evaluation of 
corrosion rates in actual test coupons (Dean & Sprowls 1987). Hence, on this study test coupons were placed 
in each corrosion chamber in order to compare the corrosivity of each simulated environment. 

The preparation, placement, cleaning and evaluation of the corrosion coupon specimens was conducted to 
ASTM standard G4 that was designed to provide guidance for this type of testing (ASTM G1-90 1999). The 
coupons were obtained from a hot-rolled sheet of carbon steel grade HA300. The 1000x2000x0.6 mm sheet 
was guillotined into rectangular test specimens of 120x30x0.6 mm dimensions. Two 2 mm diameter holes 
were drilled in the upper left and right corners for the identification tags to be attached following measuring 
and weighing. To ensure an exact and reproducible finish, each coupon was sand blasted using silica grit. 
The coupons were then rinsed with distilled water, followed by acetate which was cleaned with tissue paper; 
the coupons were allowed to dry on paper towels. 
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evidence of corrosion products 

Light Corrosion
Minor surface corrosion of zinc and 
Steel. No evidence of pitting.

Moderate Corrosion
Surface corrosion covers exposed
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irregular.

Severe Corrosion
Severe uniform corrosion covers the exposed area of strand. Pitting 

corrosion is consistent around the entire exposure.

Non Corroded

 

Figure 6 Stages of corrosion damage of cablebolt strand elements  

Following the drying process each coupon was measured to the third significant figure and weighed to the 
fifth significant figure. The identification tags, which were uniquely designed to survive the corrosive 
conditions, were attached to the coupon with cable ties (See Figure 7). The coupons were attached to the 
dripping reticulation (under strong water flow) within each corrosion chamber 

 

 

Figure 7 Typical test coupon geometry and placement  
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The coupons were tested for mass loss at 94 days, 180 days and 282 days. The corresponding rates of 
corrosion are shown in Table 3. The reduction in the rate of corrosion over time for each chamber was 
reasonably constant. On average, reductions in the corrosion rate from the 94 day to the 180 day test by a 
factor of 1.34 and from the 94 day to the 282 day test, a reduction factor of 2.26 was calculated. These 
reduction factors were used to extrapolate data for some of the chambers where the coupons were completely 
oxidized by the 180 day test. These estimated results are shown (in italics) in Table 6 and denoted by dashed 
lines in Figure 8. 

Table 3 Corrosion rate from coupons in the corrosion chambers 

 Corrosion rate 
(mm/yr)Chamber 94 

days
180 
days

282 
days

Groundwater 
flow

Mine D 1.32 0.99 0.58 strong flow

Mine C 0.85 0.67 0.38 strong flow

Mine F 0.41 0.31 0.20 strong flow

Mine H 0.33 0.24 0.12 strong flow

Mine A 0.08 0.05 0.04 strong flow

Mine D 1.32 0.99 0.58 strong flow
Mine G 1.19 0.90 0.53 strong flowMine G 1.19 0.90 0.53 strong flowMine G 1.19 0.90 0.53 strong flowMine G 1.19 0.90 0.53 strong flow
Mine C 0.85 0.67 0.38 strong flow

Mine F 0.41 0.31 0.20 strong flow

Mine H 0.33 0.24 0.12 strong flow

Mine A 0.08 0.05 0.04 strong flow
 

In general there is a reduction in the rates over time as the products of corrosion, the iron oxides, protect to 
some extent the underlying steel from further corrosion. This reduction becomes less pronounced with 
increasing exposure times and long-term corrosion rates can be established. The length of time needed to 
establish the long-term rate is dependent on the environment, but approximately 200-300 days are required. 
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Figure 8 Measured and extrapolated corrosion rates for each corrosion chamber  

4 WASM groundwater corrosivity classification 
A review of the existing corrosion classifications revealed that none adequately fit the experimental data and 
could not be readily used to predict the corrosivity of groundwater-affected environments examined in this 
study (Hassell, 2007). It was therefore necessary to examine each of the main groundwater properties 
individually to ascertain their influence. Given that the corrosion of steel is largely independent of pH values 
ranging between 4 and 10 and that all the natural groundwaters sampled had a pH in the range of 6.2 to 8.3. 
Therefore, it was assumed that pH has limited effect within this study. The remaining properties; 
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temperature, TDS and dissolved oxygen, were examined to assess the data collected by the coupons placed 
within the corrosion chambers. 

4.1 Temperature 
A narrow range of temperatures were measured during the study and the corrosion chambers were set 
accordingly. The data shows that no relationship between the corrosion rate and the average temperature 
(Figure 9). 
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Figure 9 Temperature vs corrosion chamber corrosion rates  

4.2 Total dissolved solids 
A good exponential relationship exists between the TDS of the water and the corrosion rate (Figure 10). The 
higher TDS waters result in a lower corrosion rate presumably as the higher TDS waters reflect a lowering 
dissolved oxygen concentration. 
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Figure 10 Total Dissolved Solids vs corrosion chamber corrosion rates  



 

 1112

4.3 Dissolved oxygen 
A very good direct linear relationship that exists between the dissolved oxygen and the measured corrosion 
rates displayed in Figure 11. Dissolved oxygen content has already been shown in Figure 3 to be directly 
related to the temperature and salinity of the water. Thus with one parameter all three controlling variables 
are taken into account. The good correlation with the TDS and the corrosion rates is partly due to the 
temperature values being similar and having a comparable effect on the corrosion rate. 
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Figure 11 Dissolved oxygen vs corrosion chamber corrosion rates  

4.3 Time 
In general, a reduction in the rate of corrosion over time was observed. This is due to the corrosion products 
partly inhibiting further corrosion. This rate becomes constant after a certain period of time, dependent upon 
the environmental conditions. The information presented in Figure 12 is of the coupon test data from the 
corrosion chambers against the dissolved oxygen content, which remained more or less constant for the 
duration of the test. 

The Mine A chamber had a decrease of 50% in the rate of corrosion from the 94 day test to the 282 day test 
with the Mine F chamber showing a 51% decrease and Mine H chamber a 64% decrease over the same time 
period. This represents a relatively constant reduction for the different groundwater types. Coupon results 
that were not obtainable from these test periods due to high corrosion rates fully consuming the steel have 
been estimated (Table 3). The calculated 282 day rate is representative of the long-term corrosion rate. 

4.4 Flow rate 
The rate of groundwater flow affects the corrosion rate by two processes. Increases in the flow rate 
simultaneously increase the rate at which dissolved oxygen is brought in contact with the steel surface. This 
provides more available oxygen for the electrochemical process and thus higher rates of corrosion occur. 
Higher flow rates also increase the level of physical erosion of the corrosion products and reduce the 
thickness of the partially protective cover increasing the corrosion rate. 

To investigate the effect of flow rate the coupon test results conducted at the mine sites, which had various 
rates of flow, are compared with those of the corrosion chambers. The water properties are comparable and a 
similar time of exposure periods is examined. Coupons from the Mine A chamber (flowing) had a higher 
corrosion rate by a factor of 3.5-4 times that of the mine site results (wet). Similarly the Mine H chamber 
results (flowing) had a higher corrosion rate by a factor of 2.5-3 compared with the field results for a wet 
rock mass and 4.5 time increase compared to a damp rock mass. 



 

 1113

If all the long-term corrosion rates, for both the corrosion chambers and field tests are plotted against 
dissolved oxygen they can be grouped based on their respective groundwater conditions as shown in Figure 
13. 
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Figure 12 Measured and extrapolated corrosion rates over time  
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Figure 13 Rate of corrosion in coupons grouped by groundwater flow  

4.5 Corrosivity for groundwater affected hard rock environments 
Table 4 shows a newly proposed classification for groundwater affected, hard rock conditions found in 
Australian underground mines. The new proposed classification is based on the comprehensive data 
collection survey and the calculation of corrosion rates by coupon testing undertaken as part of this study. 
The classification considers two factors in determining the corrosivity; the groundwater; dissolved oxygen 
content as measured in situ from a dissolved oxygen probe and the groundwater flow conditions as described 
in Figure 13. Uniform corrosion rates for HA300 grade steel can then be estimated for different 
environments. 



 

 1114

The classification provides a range of possible corrosion rates for a specific dissolved oxygen content and 
groundwater flow. As the groundwater condition is from qualitative observation rather than quantitative 
assessment this variation in values is necessary. Projection of the corrosion rates for measurements of 
dissolved oxygen less than 1.5 and greater than 4.5 is uncertain due to insufficient data. The given corrosion 
rates are for uniform corrosion only; it is however appropriate to assume that pitting corrosion will increase 
with higher rates of uniform corrosion. The classification does not take into account the rock mass quality. It 
is assumed that if the classification is to be applicable, the reinforcement will intersect water bearing 
discontinuities. In addition, the rock mass damage from the stress re-distribution is expected to increase the 
permeability within the zones where reinforcement is utilised. 

Table 4 Maximum corrosion rates for HA300 steel in groundwater affected Australian hard rock 
mining environments 

Strong Flow - Large continuous water flow from a large fault or 
many fractures.

Dissolved 
Oxygen (mg/l)

1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.12 0.12-0.36 0.36-0.58 0.58-0.8

Flowing- Water flows from fractures.
Dissolved 

Oxygen (mg/l)
1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.09 0.090 -
0.225

0.225 -
0.365

0.365-
0.50

Dripping- Numerous drips and trickling of water from fractures.
Dissolved 

Oxygen (mg/l)
1-2 2-3 3-4 4-5

Strong Flow - Large continuous water flow from a large fault or 
many fractures.

Dissolved 
Oxygen (mg/l)

1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.12 0.12-0.36 0.36-0.58 0.58-0.8

Flowing- Water flows from fractures.
Dissolved 

Oxygen (mg/l)
1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.09 0.090 -
0.225

0.225 -
0.365

0.365-
0.50

Dripping- Numerous drips and trickling of water from fractures.
Dissolved 

Oxygen (mg/l)
1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.06 0.060 -
0.105

0.105 -
0.160

0.16-0.20

Wet - Rock mass discoloured. Dripping from fractures 
moderately common.

Dissolved 
Oxygen (mg/l)

1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.04 0.040 -
0.075

0.075 -
0.100

0.10-0.12

Damp - Rock mass is discoloured from dry rock mass. Very 
minor drips.

Dissolved 
Oxygen (mg/l)

1-2 2-3 3-4 4-5

Corrosion Rate 
(mm/yr)

<0.02 0.020 -
0.030

0.030 -
0.040

0.04-0.05
 

5 Implications for cement grouted cable strand 
In mass mining, cable bolt systems are used to reinforce large blocks or wedges often in long life 
excavations. Premature failure of these reinforcement systems due to corrosion can cause significant safety 
and operational issues. It is strongly recommended that best practice installation requirements such as those 
detailed by Windsor (2004) and Hassell et al, (2006) are followed to minimise the potential for corrosion 
damage to occur. 

Approximate minimum and maximum service lives have been measured from the corrosion chamber 
experiments. The service life is estimated as the material loss required to cause failure of the strand loaded to 
175 kN or approximately 17.5 tonnes, a 30% decrease in the original capacity of 250 kN. Groundwater is 
assumed to be present and it is assumed that either cracking of the grout column has occurred or grout 
encapsulation is poor. Comparing the measured service lives to the corresponding corrosion rates of the 
simulated environment calculated using the corrosivity classification, estimates can be made to the expected 
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minimum and maximum service lives (<17.5 kN) of 15.2 mm diameter black strand across a range of 
corrosion rates and are shown in Figure 14. 

It is estimated that even in the most corrosive conditions observed in underground mines cable strand will 
last at least one year once cracks along the element axis have formed. This figure is much higher than the 
expected life of uncoated barrel and wedge anchors, found to be approximately 7 months at comparatively 
corrosive conditions. It is recommended that barrel and wedge corrosion protection systems such as a long 
life lubricant at the barrel/wedge interface and barrier coatings are applied following installation (Hassell et 
al., 2006). 
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Figure 14 Service life estimates for cable strand in strong groundwater flow environments  

6 Conclusions 
The investigations presented here have resulted in the development of corrosion classifications for the 
Australian underground hard rock mining environments and guidelines have been provided for the design of 
cement grouted cable bolt elements. This has been achieved through the completion of environmental 
characterisation of a number of underground mines, laboratory testing using a simulated underground 
environment, examination of reinforcement elements in-situ and the exposure and evaluation of test coupons 
to obtain corrosion rates for the underground mining environment 

Acknowledgements 
The authors wish to acknowledge the support of the Minerals and Energy Institute of WA (MERIWA), BHP 
Billiton, PlacerDome Asia Pacific, Xstrata Ltd, Barrick Gold Australia, GoldFields Australia, MBT 
(Australia) and Strata Control Systems. 

The technical support of Mr. Brett Scott and Mr. Lance Fraser, WASM Technicians is also gratefully 
acknowledged. 



 

 1116

References 
ASTM G1-90 (1999). Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Tests Specimens. ASTM 

International. 
Bieniawski, Z.T. (1989). Engineering Rock Mass Classifications, Wiley, New York. 
Dean, SW & D.O. Sprowls (1987). In-Service Monitoring, JR Davis (ed.), Metals Handbook Ninth Edition: Corrosion, 

vol. 13, ASM International, USA. 
Hassell, R.C., E. Villaescusa, A.G. Thompson & B. Kinsella (2004). Corrosion assessment of ground support systems. 

Procc. Ground Support in Mining and Underground Construction, Villaescusa&Potvin (Eds), Balkema,529-539. 
Hassell, R. C. (2007). Corrosion of rock reinforcement in underground excavations, PhD Thesis, Curtin University of 

Technology, 274p. 
Hassell, R.C., E. Villaescusa & A.G. Thompson (2006). Testing and evaluation of corrosion on cablebolt anchors. 

Procc. 41st US Rock Mechanics Symposium, “50 Years of Rock Mechanics – Landmarks and Future 
Challenges”, Golden Colorado. 

Kester, D.R. (1975) Dissolved Gases Other Than CO2, JP Riley & G Skirrow (eds), Chemical Oceanography, 2nd edn, 
vol. 1, Academic Press. 

Villaescusa E., M.P. Sandy & S. Bywater (1992). Ground support investigations and practices at Mount Isa, Procc. 
Rock Support in Mining and Underground Construction, Kaiser & McCreath (eds), Balkema, 185-193. 

Windsor, C.R. (2004) A review of long, high capacity reinforcing systems used in rock engineering. Proc. Int. 5th 
Ground Support in Mining & Underground Construction, eds. E Villaescusa & Y Potvin, Balkema, Perth, pp. 
17-41. 



5th International Conference and Exhibition on Mass Mining, Luleå Sweden 9-11 June 2008 

Fire simulation in underground mines, smoke propagation and 
emergency plan evaluation. 

F. Giorgetti  RavenRoad Mining, Spain 

G. Riganti  Area3Engineering, Italy 

M. B. Díaz Aguado  University of Oviedo, Spain 

 

Abstract 
RavenRoad has developed the new software, SIMone, in collaboration with Area3 Engineering and the 
University of Oviedo (Spain) to guarantee the safety of miners when accidents occur, and to allow their 
evacuation. It simulates fires in underground mines and the smoke propagation over the tunnels, also taking 
into account eventual measures adopted to limit fire effects. 

SIMone is based on Atkinson law and the Hardi-Cross algorithm. By simulating the primary ventilation all 
over the mine, the software is able to determine how smoke propagates in case of fire and how it interacts 
with the ventilation system.  

The first step of the analysis is to simulate the airflow rates in every part of the mine in static conditions (no 
fire present). By adjusting several parameters (fan characteristics, tunnels resistance, etc.), it is possible to 
obtain results that match the actual conditions of the mine. 

The second phase is to determine where the fire starts and to characterize it with some parameters 
(temperature-time, smoke generation). 

This second phase describes dynamically how smoke propagates and how the heat generated affects the 
ventilation system. It might occur that in some galleries the flow inverts its direction due to the strong 
suction effect created by hot masses of smoke. There are several parameters that can be adjusted in this 
phase and it is also possible to simulate how some emergency measures (usually stopping or inverting main 
fan, opening or closing ventilation doors to prevent fresh air from feeding the fire) interact with the smoke 
propagation.  

Thanks to an extremely short simulation time, SIMone aims to become a useful tool to predict in real time 
where smoke propagates and therefore to determine the best emergency exit. The software could give 
outstanding results if rescue teams were provided with a portable device that could tell in advance how and 
in which direction the fire will propagate.  

1 Introduction 
Throughout coal mining history, underground fires always represented a main source of danger and often 
were responsible for the major catastrophes. 

This project aims to develop specific software for the simulation of the evolution of fires in underground 
mines. The authors summarize in this paper an overview of how it works and the result obtained for the case 
of a coal mine located in the northern area of Spain. 

The mine, some 750 meters deep, has been developed along 9 main levels and 4 sublevels. Nowadays, the 
area worked is between the third and fourth sublevel and a fifth one is under construction. A production of 
around 800 tons per day is obtained with longwall method. 

Primary ventilation entering from the main shaft descends until ninth level, where it is directed along an 
inclined shaft to reach the deepest zone of the mine. The clean air then passes through the working area in an 
ascending direction. On the return path there is an auxiliary 75kW fan providing a better distribution of the 
flow rates. At surface the main fan has a power of 240kW. 
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2 Methodology 
The first stage of the study performed has been the analysis and comparison of some of the most common 
programs used for ventilation calculation. Basically all of them are based on the same principles. 

After the basic algorithm was defined, a first beta version of the software was built up to simulate the 
ventilation system on a very simple network of tunnels. Step by step, the complexity of the model has been 
increased; an operation that caused several practical problems on writing the source code. To simplify 
programming tasks we based our application on the open source software Scilab, from INRIA – ENPC. 

On the present version SIMone can accept every kind of complex 3D geometry, even with some small 
limitations. Tunnels are represented by lines and more than three lines cannot converge at each node. In the 
case of more than three galleries crossing, this problem is avoided by slightly separating the forth and 
following lines.  

The basic hypotheses on which the simulation is based are: 

• Air is considered as an incompressible fluid.  
• Variation of pressure due to depth does not affect the results. 

• In static conditions (no fire), temperature is the same throughout the mine. 

• Smoke and air at different temperatures interact, behaving as a unidirectional heat exchanger. 

3 SIMone STATIC 
The Chezy-Darcy theory about pressure losses on conducts together with some concepts developed by 
Atkinson (1862), Moody (1944) and Kirchoff (1845), is at the base of the calculations.  

Pressure loss over a conduct is calculated by the formulas: 
2

2
per VP f L
A

ρΔ = ⋅ ⋅ ⋅ ⋅   Chezy-Dracy     (1)  

where: 

ΔP = pressure loss 

f = Chezy-Darcy friction factor 

L = length  

per = perimeter 

A = area 

ρ = air density 

V = velocity 
It is possible to express the pressure loss as a function of the flow rate, obtaining: 

    
2P R QΔ = ⋅         (2) 

where the resistance of the conduct is: 

32
L perR f

A
ρ= ⋅ ⋅ ⋅                      (3) 

The Moody diagram permits to obtain f as a function of Reynolds Number and the e/D relation, with e 
representing the roughness of the conduct and D, its diameter. The diagram is calibrated upon another 
formula for calculating the pressure loss, and it is therefore necessary to adjust the values obtained by 
multiplying them by a conversion factor. 
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For the usual conditions that apply on underground mines, the regimen is always turbulent and then f does 
not depend on the Reynold Number.  

The Chezy-Darcy formula considers uniform pressure loss over a conduct, but not local losses represented 
by section changes or any other obstacles in the conduct. This problem is solved by introducing an 
equivalent length of the conduct, Leq, which represents a conduct with different length in which the uniform 
pressure loss calculated by (1) is equal to the pressure loss in the real conduct.  

Every tunnel is assigned a class that describes some of its properties, such as friction factor and diameter. 
Therefore it is necessary to build a library of different classes, each representing particular elements of the 
mine. For example, a class may represent vertical shafts, another one standard tunnels, and a third one 
standard tunnels not in good conditions. Doors are represented by a class in which friction factor is 
particularly high (75 to 200 kg/m3 is the range of values used, face to 0.010 kg/m3 for an average conduct). 

3.1 How the algorithm works 
Once the data is imported (coordinates of all points, library of classes, assignation of any element to a class 
and list of closed loops), the solution algorithms start.  

The first step is to generate an “order” in which all elements are passed through by air. The order generated 
now does not have to be the same as the final solutions’, but just has to represent the conventional positive 
order.  

The second step is to generate a flow rate relationship on each node, on the base of the order defined above. 
At this point, by means of solving a matrix system, the software calculates a set of values for the flow rates 
in each element that satisfies the nodal relationships, but does not take into account the resistance of the 
conducts to the passage of the air. 

The matrix system is constituted in form of: 

K Q B⋅ =       (4) 

Matrix K is defined taking the number of nodes as rows and the number of elements as columns, and for 
each node (row) a +1 represents elements (column) that exit the node, a -1 entering elements. 

B is a column vector with as many rows as existing nodes. All values are set to zero, except for those at the 
extremes of the network if they represent an air entry or exit. In those cases, the effective flow value is 
introduced into the vector paying attention to the conventional positive order established previously. The 
model of the mine presented here is composed by 443 elements, 401 nodes, and 43 closed loops. To give an 
idea of the complexity of the calculations, the matrix K has a dimension of 443 rows and 401 columns. 

The first solution is obtained by solving the system with a “linear least square problem” function, that 
significantly reduces the presence of zeros onto the solution. The presence of many zeros involves the 
algorithm converging much more slowly to the equilibrium solution.  

At this point, the core of the simulation based on the Hardi-Cross algorithm begins. The software, through 
the equation (3), calculates the effective resistance for each element and applies the value obtained to (2) to 
determine the pressure loss. Observe that if the flow rate is zero, obviously, the pressure loss is also zero, and 
this is another reason to try to minimize the amount of zeros on the first generated solution. 

The software considers each closed loop individually and calculates the pressure difference around the loop. 
With a certain similarity to electrical networks, it is evident that for a closed loop the total difference of 
pressure must be null at the equilibrium, otherwise air will flow around the loop. 

The software thus determines the pressure difference around each closed loop. If the value is close to zero 
within a certain range of tolerance, the equilibrium condition is satisfied. If not, an additional flow rate is 
added to all the elements that constitute the loop following a determined direction, clockwise or inverse.  

This is the core of the Hardi-Cross algorithm. If a closed loop, like the one on figure 1 is considered and the 
flow rates Q1, Q2, and Q3 are 1, 0.5 and 1 m3/s respectively, an arbitrary flow rate can be added in a defined 
order without changing the relationships at each node.  
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Figure 1 closed loop example to describe how the Hardi-Cross algorithm works. 

In effect, the new flow rates become: 

1

2

3

1
0,5
1

Q Q
Q Q
Q Q

= + Δ
= + Δ
= −Δ

 

At node 1 for example, the sum of flow rates in and out remains constant:  

1 3 1 1 2Q Q Q Q+ = + Δ + −Δ =  

By applying the same principle to all the loops so that the overall pressure difference decreases, the program 
begins to iterate until the distribution of flow rates converges to the solution.  

Summarizing, the software enters on a loop, calculates the total pressure difference, determines the 
additional flow rate to apply, determines whether to apply it clockwise or not by calculating which direction 
would cause a diminishing of the �P, and then modifies all the flow rates of the elements that constitute the 
closed loop. The algorithm stops when the pressure difference for all the loops is below the tolerance value. 

3.1.1 Parameters description 

The definition of the additional flow rate has become a very important parameter: as it is an arbitrary value it 
is possible to define it as a function of the amount of pressure difference on the loop. If the starting solution 
is far from the equilibrium, defining a high value for the additional flow rate can accelerates the process, but 
the oscillation around the solution can be wide. On the other hand, a small additional flow rate can permit 
high precision but after a very slow convergence. 

The solution to this problem is then to define the additional value that modifies the flow rates of the elements 
of a closed loop. This value is defined by a simple function of the pressure difference on each loop at each 
iteration. As reported on figure 2, different functions (linear or parabolic) have been tested. Due to the 
complexity of the network of tunnels, is not simple to predict the behaviour of the system using the different 
curves and it is necessary to adjust the function to the case studied.  
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Figure 2 additional flow rates as function of the pressure difference. 

Figure 3 shows how different the convergence curves on the same loop can be, using two different functions 
to define the additional flow rate. 

There are other parameters that must be defined before running the simulation. Fans create a pressure 
difference and are described by a specific characteristic curve (�P versus Q). 

 
Figure 3 different convergence of �P curve vs. number of iterations on the same loop using 

different functions to define the additional flow rate. 

It is also necessary to introduce some fictitious element to bypass mine entry and exit. This is because, as 
said before, the program changes the flow rates of the elements that constitute a closed loop, but not of 
extreme elements. Introducing a fictitious element with a null resistance, the program is allowed to modify 
the amount of air that flows in and out of the mine so that the final solution reflects the real conditions 
generated by fans and tunnels resistance.  
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3.2 Results 
The results obtained can be compared to the real data collected in the mine. By accurately monitoring the 
flow rates on those points where measures have been collected, it is possible to adjust some of the parameters 
and obtain satisfactory results. 

Figure 4 reports the data (white background), and the results obtained by the simulation (grey background). 
Except for a few points where the geometric model was simplified, it can be appreciated that differences are 
small. The simulation tends to slightly overestimate the flow rates, but considering the simplifications 
introduced the result is appreciably good. 

 
Figure 4 comparison between data and simulation results. 

With a runtime of around 4 minutes on a 2.4 GHz processo and an accurate tolerance (5 Pascal), less than 
300 iterations have been necessary to converge to the solution. 

Figure 5 represents the final flow rates distribution on the whole mine. Air enters the mine from the main 
shaft and descends to the 9th level where it is directed along the inclined shaft to the bottom, ascends to the 
production area and then goes over the return drifts until going out from the auxiliary shaft. Suction fans are 
located at the exit and right below the 9th level on the return drift.  
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Figure 5 air flow rates distribution over the whole mine under static conditions (results in 

Log[m3/s]). 

4 SIMone DYNAMIC 

4.1 Fire description 
Fire is an extremely complex phenomenon, depending on several factors to determine its evolution. It is not 
the aim of the present work to establish the exact correlation between those parameters and the fire, but what 
is more interesting is to describe the fire using a few simple characteristics curves. 

To do that, a finite elements model has been created in an attempt to reconstruct the conditions in a restricted 
zone of the mine where fire has occurred. It is so possible to observe how the smoke propagates in the upper 
strata of the tunnel, causing fresh air to re-circulate at the bottom.  

Particular attention was also paid to simulate the behaviour of smoke on tunnel crossings. In effect, when the 
flow rates in the tunnels are largely different from each other or when one of the tunnels has a certain slope, 
the pressure difference may vary considerably, and the smoke moves in one direction rather than in the other.  

Into the simulation software, fire is described by two parameters: temperature over time (curve like ISO-834) 
and smoke generation over time. At the moment, a project dedicated to the creation of a set of subroutines 
that better describe the phenomenon is underway. In particular, the creation of a subroutine that relates the 
availability of oxygen with fire power seemed to be very interesting. 

4.2 How the dynamic algorithm works 
What the first part of the software does is quite simple; it describes a static situation with no changes in time. 
More complicated is the attempt to simulate a situation when conditions change rapidly. Smoke propagation, 
temperature increase and eventual emergency measures adopted to control the fire, make the equilibrium 
state evolving and the air flow rates change to a new equilibrium situation. 

Basing the algorithm on the static core of the program, the software starts from an equilibrium state and 
calculates the new conditions (temperature, smoke, etc.) after a time dt and starts a new iteration cycle, 
similar to the one used to find a static solution until a new equilibrium state is reached.  
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After a fire starts and the smoke propagates along tunnels, what really makes the equilibrium conditions 
change? As seen on formula (3) the resistance of a conduct also depends on air density. Moreover, and this is 
the most important part, between two points at different temperatures, a difference of pressure exists. As a 
consequence, hot air moves up. The pressure difference can be easily calculated with  

fireP d g hρΔ = ⋅ ⋅       (5) 

where: 

ΔPfire = pressure loss 

dρ = density difference 

g = gravity acceleration  

h = vertical distance between two points 

To calculate �Pfire it is necessary to define where smoke propagates and how much the temperatures 
increase. For smoke propagation, starting from the point where fire took place, a dedicated subroutine 
describes the path covered. As both the flow rate and the diameter of the tunnel are known, it is easy to 
calculate the air velocity in that point. After a certain interval of time, the length of tunnel covered by smoke 
is: 

smoke
QL dt
A

= ⋅         (6) 

where: 

Lsmoke = length of tunnel covered by smoke 

Q = flow rate 

A = tunnel section  

dt = time interval 

Even if smoke concentration is calculated on elements, temperature is better defined on nodes. Each element 
is treated as a unidirectional heat exchanger. Considering air and smoke as separated fluids, in each node two 
temperature values are defined for air and for smoke. 

Starting from the fire node, where temperature over time is defined as a fire property (see figure 6), and 
following the path covered by smoke, the temperatures are calculated using the common formulas for this 
kind of heat exchanger. 

4.3 Inertia of the system to changes 
The whole system, comprised of kilometres of tunnels and shafts, has certain inertia, mainly due to air 
compressibility. Opening or closing a door, for example, does not lead to an equilibrium state over the short 
time interval used for iterations, i.e. 120 seconds. To pass from the full equilibrium condition – system with 
door open – to the new full equilibrium condition – system with door closed – a single iteration interval is 
not enough. Remembering that doors are represented by elements with high resistance, a curve that describes 
the decrease of the friction factor over the time has been used to simulate the time needed by the system to 
reach a full equilibrium after a change (figure 6).  

It is the same to assume that first the door is left ajar, waiting then for the whole system to reach equilibrium. 
Then, the door is opened a little more and the system reaches another equilibrium state, and so on until the 
door is fully open. 

The same concept has been used to describe a fan stopping. It isn’t modelled as working at full power and 
then turned completely off, but rather the power is gradually decreased until it is off.  
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Figure 6 decrease of the friction factor over the time that simulates the opening of a door. 

4.4 Results of the simulation 
The analysis of fire effects has been carried out also considering the emergency measures described on the 
emergency plan. The aim of these measures is to bypass the zone affected by the fire so that combustion is 
suffocated by limitation of fresh air (oxygen). For the first 15 minutes, no substantial changes occur. Smoke 
continues to propagate following the ventilation flow and temperature increases. Many authors (such as 
Hwang and Edwards (2005), and Vauquelin and Telle (2005)) defined a critical velocity for which no smoke 
backflow is present. As the fire is simulated in a zone with high air velocity, it is safe to assume that 
conditions are over the critical velocity. After half an hour, when the fire is already well developed, a first 
main change is evident (figure 7).  

 
Figure 7 detailed representation of flow rates in the zone below 9th level after 30 minutes: arrow 

represents the fan. Circled zone is where flows inverted. 

The air flow rate on the right zone of the 3rd and 4th sublevels inverts the sense of circulation; the fire 
generates such a strong suction effect that air and smoke re-circulate between these levels, creating a loop. 
This is important, because when the smoke had the time to propagate until completing the loop, the oxygen 
availability feeding the fire decreases. After some time it can be appreciated how a strong smoke 
recirculation happens between 3rd and 4th sublevels, and how fresh air does not feed the fire (figure 8). 
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Figure 8 flow rates in the zone below 9th level after 50 minutes. 

An interesting feature of the software is its capacity to plot the evolution of the flow rate over the time in a 
determined point. It is possible to analyse, for example, how flow rates evolve in the point where the 
auxiliary fan is located, or to analyse the amount of fresh air that is actually feeding the fire (figure 9). In this 
case, it is evident that after a while the measures aiming to suffocate the fire have taken effect, and the fresh 
air decreases from 42 m3/s to 18 m3/s in about 20 minutes. 

 
Figure 9 evolution of fresh air rate evolution feeding the fire. 
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5 Conclusions 
Possibly one of the most interesting aspects of SIMone is the short time needed for simulation. In effect, it is 
able to simulate what happens during an hour, in about 24 minutes (figure 10). If during the planning phases 
of the mine is not so important to save time, just think about what time might signify when a disaster occurs. 
The opportunity to know in advance the possible effects of the safety measures to be adopted can certainly 
serve to a better organization of the evacuation procedures and to save human lives.  

It is evident that to confirm the reliability of the results obtained, an intensive testing phase should be carried 
out comparing data from several mines and adjusting parameters. Especially important are the curves used to 
simulate system inertia. Regardless, the simulation of the ventilation system is based upon a solid algorithm 
used by other common software, and the friction factors are values widely used in the industry. Therefore, it 
seems that the results under static conditions can be trusted. For the dynamic simulation of fire, some 
approximation has been introduced and without comparing the results with data from real fires, results 
obtained cannot be considered absolutely sure even if they appear in accord with experience. Overall, the 
present work provided quite satisfactory results and if developed in the right way, it can constitute in the 
future an indispensable tool for organizing the rescue of miners. 

 
Figure 10 simulation time. 
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Abstract 
Over a period of 50 years at Kiruna iron ore mine we can see a transformation of work from underground to 
remote control at surface level. What characterised the old underground face work was the close relation 
between man and the hard rock based on hard physical work under dangerous conditions. Nowadays the 
face workers are located up in the sky on level 7 in an office building close to the mine. The contact with the 
hard rock goes through machines controlled by remote technology. The traditional workplace culture and 
the macho style have been challenged. The modern technology has created a new type of work, when it 
comes to competence and knowledge as well as workload. The purpose of the paper is to reflect on the 
upcoming, and in many aspects already evident, knowledge transformation – from the old and obsolete 
bodily and tacit knowledge and skills into something new. 

1 Introduction 
LKAB’s (Luossavaara-Kiirunavaara AB) underground iron ore mine in Kiruna, in the very north of Sweden, 
is today one of the most modern underground mines in the world. The company has continuously invested in 
development of new technology in order to increase the capacity of its mining operations. In that way, new 
conditions for mining work have been established. For a long time underground mining work at Kiruna was 
characterised by a close relation between the worker and the rock. It was hard, physical and dangerous 
manual work performed under difficult conditions. In this environment a certain type of workplace culture 
developed and, as in many other similar workplaces, this culture was characterised by a form of ‘macho-
masculinity’. However, the last 50 years has seen a gradual transformation from underground work close to 
the rock to remote control work conducted above ground. The workers have left their old blue-collar 
workmates and moved into a ‘white-collar environment’. The old type of workplace culture and worker 
identity, and also the old type of macho behaviour, is challenged by the new technology and new 
competency demands. The workers need to find new ways of defining qualifications and competences, and 
new ways of constructing identity and gender. But this is not an easy task especially given that the workers 
have their roots in a context which is simultaneously conservative and changing.  

The aim of this article is to discuss the technical development of underground mining in Kiruna and its 
implications for qualifications, identity and gender. The links between these three aspects are most easily 
seen when there are changes going on at the workplace. These changes could, for example, be the 
implementation of new production technology, new control or management systems or the emergence of new 
organisational ideas; changes that more or less demand that the individual learns something new. 

2 Research method 
In this article we ‘visit’ the mining worksite on four different occasions: 1957, 1969, 1985 and 2005. We are 
focusing on the core operational work tasks in the sub-level mining process (development and caving). This 
means that we are excluding, for example, maintenance work and the concentration and converting 
processes. Our empirical research method is based on interviews, observation and the analysis of historical as 
well as current documents. The research material for the first two ‘visits’ is reconstructed from historical 
material combined with interviews with workers recalling how it was ‘in the old days’. The material for the 
last two visits was collected on site. The material for the first three visits was collected by Jan Johansson 
during 1982-85 (see Johansson, 1986), and the material for the fourth visit was collected by Lena 
Abrahamsson and Jan Johansson during 2005.  
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2.1 Levels of technology 
We employ a modified version of Kern and Schumann’s (1974) classical classification system1 in order to 
discuss the levels of technology at LKAB. It is a model that tries to relate technology to human work from 
the view of the workplace and the work situation. The model consists of six different types of work tasks of 
growing complexity.2 

1. Manual work. The category includes work with or without hand tools and includes both skilled work and 
simple operations. 

2. Motor manual work. In motor manual work most activities are performed in a similar way as in manual 
work. The motorised tool (For example a jackhammer) can be seen as a first step towards mechanisation, 
but the worker still has control of the most important part of the work process.  

3. Machine work. This category includes work tasks where the operator directly operates a mobile machine 
which is central to the work process and includes connecting and controlling functions. The workload is 
not as physically demanding as in motor manual work, partly because the task is performed by 
manipulating control levers and partly because the worker is located some distance away from the point 
of transformation. Typical work tasks include driving a loader or handling a drill rig. 

4. Operating work. These work tasks are similar to machine work tasks with the exception that the 
machinery is stationary, i.e. part of a plant. Typical work tasks include tapping from shaft, crushing or 
skip filling. 

5. Remote control. Remote control work is now the typical form of mining work at LKAB. Remote control 
work actually has many similarities to both machine and operating work. The difference is that the 
worker is located far away from the point of transformation, but still controls and ‘steers’ the process via 
a TV-camera and a monitor. It is important to note that the process is not self-regulated. With remote 
control it is possible to relocate the working site to a centralised control room, typically first located 
underground and later above ground.  

6. Automated work. This category corresponds to Kern and Schumann’s category of control room work. 
The main task includes monitoring and control of the production process. Here work is performed in a 
control room or a similar location. 

3 Four visits to the underground iron ore mine in Kiruna 

3.1 Year 1957 
The first time we ‘visit’ the mine is in 1957. Sub-level caving has just been introduced. In the development 
work there are four people in every work team working in two parallel tunnels, with two people in each 
gallery. The equipment consists of a jackhammer which weighs 40 kg. A compressed air fed support-leg 
keeps the machine in place as the hammer strikes the rock. The noise is deafening and it requires a lot of 
physical strength to keep the drill in place. The salary system is based on the team’s performance with a 
deduction for cost of consumed drilling steel and blasting agent. In order to maintain work pace and 
minimise salary deductions, it is important that holes are made in such a way as to take advantage of any 
weaknesses in the rock. 

The drill holes are charged with dynamite cartridges packed in the hole with the help of a charging rod. An 
experienced blaster can stretch the blasting agent by partially filling up the hole with wooden sticks and 
thereby increasing his earnings. Rock blasting occurs using a gunpowder fuse, which is put in place at the 
end of the shift in order to allow the blasting fumes to dissipate before the loading and mucking starts. 
However, the galleries cannot be fully ventilated and a significant volume of the fumes are only released 
once the iron ore is moved. Before loading starts the tunnel is ‘scaled’ by knocking down loose stones and 
rock. The loading occurs with an overhead loader, which has been nicknamed “the pig” because it squeaks 

                                                 
1 For a complete description of the model see Johansson (1986). 
2 Kern and Schumann’s model consist of 15 different types of work, most of them not relevant for mining. What we see 
above is an extensive reduction of the original model. 
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like a pig with every throw. This machine has a bucket, which is pushed into the ore and filled. The bucket is 
then moved upwards and backwards to dump the ore into a transport cart waiting on the tracks. When the 
cart is fully loaded, it is pushed to connect with the train of carts and driven to the shaft for emptying. 

In caving, the first elementary task is to drill contour-shaped patterns in the tunnel’s ceiling with the contours 
at precise distances from each other. The work is carried out by a driller using a drill rig with two chain-fed 
drilling machines. Most time is devoted to coupling and handling heavy drilling steel. The work is heavy and 
the environment is very noisy. Production drilling does not allow workers to demonstrate their skill and 
experience in the same way as development work drilling allows. Here it unnecessary for the driller to see 
“how the rock is going to fall”; instead the worker places the drill and drills according to a standardized 
pattern. 

Loading occurs with a scrape loader. Like a lobster with large claws it scrapes out the ore which is then taken 
on a transporter over the loader and down to the waiting shuttle car. Despite the fact that the loader is 
electrically powered, the noise level is very high. It is important to know where one will load in order to keep 
the mixture of waste rock to a minimum - something most of the workers learn with experience. The ore is 
then transported from the loader to the shaft by two electrically powered shuttle cars. Towards the end of the 
shift, it is time to charge the next round. Charging is done manually but rock blasting occurs electrically and 
is initiated centrally when the mine is empty. 

The ore is dumped down the shaft for processing at the main level. From here the ore is transported by train 
from the shaft to the crushing station and then transported up to the surface with an elevator/skip. A train 
engineer and a switcher fill up the train’s 10 carts at the shaft. The switcher fills the cart via the chute which 
is a compressed air-driven hatch, and then the engineer drives the carts forward one at a time. After the chute 
loading, the train is driven to the crushing station where the switcher carries out the dumping. He stands 
beside a control panel by which he tightly locks the carts wheels and then empties it with a hydraulic 
cylinder.The crushing station consists of two crushing units each manned by a crushing machinist. The 
crushed ore is stored in pockets under the crusher. The pockets are connected to a pocket measure which 
automatically fills the skip with as much ore as it can take. 

  Technical level 

Process type  Work task Preparation Excavation 

drilling 2 3 

charging 1 1 

material extraction 

blasting 1 5 

loading 3 3 

Hauling/dumping  

 

1/3 

 

3 

 

chute loading  4 

transport  

dumping  3 

processing crushing  4 

skip loading  4 transport 

skip hoisting 

 

5 

 

Figure 1: Levels of technology at different work tasks 1957 

Mining work in 1957 was characterised mainly by hard physical work in an extremely challenging work 
environment. There was a close relationship between the mining worker and the rock, especially in the 
development work. If he (because it is always a man) could judge the rock accurately, then he could 
minimize the drilling and save explosives in order to increase his earnings. In production drilling, key 
elements of the work tasks had already been standardized which makes the individual work skills less 
significant. In the rockslide loading, however, it is essential to be able to ‘read’ the mountain, both in order to 
optimize earnings and avoid accidents. Generally it was critical for workers to be vigilant in undertaking all 
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work tasks on the mountain so as to avoid being crushed and injured by falling rocks or heavy machinery. 
The work culture at LKAB circa 1957 was strongly based on masculinity. 

3.2 Year 1969 
Our second ‘visit’ takes place in 1969. In the development work, hand-held machines have been replaced by 
a drill rig that is equipped with drilling machines on each of its arms. The machine is driven from a control 
room where the driller can sit and conduct the work. Typically workers drill for two rounds per shift 
compared to one round on our earlier visit. The environmental conditions have been improved in terms of the 
physical workload; however the noise problem is still apparent. 

Charging has changed with the introduction of explosive in powdered form. The charging is now performed 
with a hose that is pushed into the drilled hole. All the equipment is kept on one small vehicle that drives 
between the charging locations. Loading has also changed in that the overhead loaders have been replaced by 
larger and more effective scrape loaders. Hauling to the shaft has been changed so that shuttle carts have 
been replaced by diesel trucks. With this innovation a new problem - pollution - has been introduced, 
especially for the loader who has to stand behind the truck while he works. 

For caving, the drill rig has been developed. Each rig still has two drilling machines but the chain feeding 
system has been replaced by a more manageable screw feeding method and the drill arms are hydraulically 
controlled. The driller however still has to extend and clean out drill steel by hand, a job that has become 
more frequent due to the increased production pace. Charging is still handled in the same way as in the 
development work. The task which has changed the most is loading, where the old scrape loaders and truck 
transporters have been replaced with diesel-powered wheel loaders that work according to the principle: 
load-haul-dump. 

We can follow the ore further to the main transport level which now lies 450 meters underground. The trains 
here are larger and have more carts. Production planning is controlled via a computer system that 
automatically determines the destination and reserves the line. A train engineer is still required. Chute 
loading from the shaft to the cart is managed by a chute loader who controls the chute hydraulically. There 
are no tippers, instead the carts are emptied automatically into the crusher. The old tipper or switcher now 
sits in a control room taking care of the production planning. 

Crushing has been modernised and all the crushers have been equipped with dust vacuums. The work is 
automated so that each crusher can operate two crusher machines. Filling the skip and hoisting are also 
automated. 

  Technical level 

Process type Work task Development work Excavation 

drilling 3 3 

charging 1/2 1/2 

material extraction  

blasting 5 5 

loading 

Hauling/dumping 

 

 
3 

 

 
3 

 

chute loading  

transport  

dumping  

 
3/4 

processing crushing  

skip loading  transport 

skip hoisting 

 

 
6 
 

 

Figure 2: Levels of technology at different work tasks 1969 
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Mining work in 1969 is still physically very heavy even though the working environment has been improved, 
especially in terms of the manual loading. For the caver, however, the increased effectiveness of the drill rig 
means that he now has to handle substantially more heavy drill rods during the same amount of time. A huge 
environmental problem has been introduced by the introduction of diesel-driven trucks and loaders. The 
danger now is not directly from the rock but rather from the tools and equipment that generate harmful diesel 
fumes. However the danger of the rock remains. The need for the development work driller’s expert skills, 
which was obvious in 1957, has diminished because the elementary work tasks have been standardised. 
Nevertheless, the traditional mining qualifications, skills and attitudes are still important. 

3.3 Year 1985 
When we visit the mine for third time 1985 a lot of things have happened. In the development phase there is 
a new hydraulic drill rig. The driller sits in an air-conditioned carriage with a clear view. The carriage is 
isolated from vibrations and noise but the driller still wears earmuffs. Even outside the carriage the noise 
level is lower in comparison to the old pneumatic rigs. Loading and removal is still conducted with wheel 
loaders, which are now larger and stronger. 

The caving stage has been transformed by a new drill rig. Drilling is now done totally automatically. The 
driller sets the booms and starts the drills. Then it is simply a matter of waiting in the control room and 
supervising the process. This means that all the heavy drill steel handling is eliminated. Even loading and 
removal has changed. The diesel-run wheel loaders have been replaced by electrically powered loaders and 
these have decreased diesel fumes and lowered the noise levels.  

On the main level, which is now located 750 metres below the surface, the train is operated without a driver. 
It is notable that the chute loaders who were previously located beside the shaft have been replaced by a TV 
camera. The chute loading and advance feeding of the carts is operated from a centralised control room 
where chute loaders sit in front of TV screens and control the entire process. When one train is fully loaded, 
the loader switches cameras and continues with another. The work environment is substantially better than 
when the workers had to stand out at the shaft and manually load, however at least once during each shift the 
ore becomes jammed and the operator is forced to go out to the chute and restart the flow, mostly by 
adapting a small explosive charge. The subsequent steps of crushing and hoisting are now completely 
automated and operated from the control centre. 

  Technical Level 

Process type Work task Development work Excavation 

drilling 3 3 

charging 1/2 1/2 

material extraction  

blasting 5 5 

loading 

Hauling/dumping  

 

 
3 

 

 
3 

 

chute loading  5 

transport  

dumping  

processing crushing  

skip loading  transport 

skip hoisting 

 

 
6 
 

 

Figure 3: Levels of technology at different work tasks 1985 

Mining work at LKAB in 1985 clearly has a different character. The mineworker has been transferred from 
the mountain face to an air-conditioned control room. This does not necessarily mean that the work 
environment is good, but it is decidedly better. Working routines have been all the more standardised and 
significant parts of the operation on the main level have been automated. A new element that has been 
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introduced is remote chute loading. In this case the chute loader has been moved from the shaft to a 
centralised control room underground where he can manage the process utilising modern communications 
technology.  

The prohibition on women working underground (originating in 1900) remained in force until 1978. During 
the 1970’s enforcement of the policy became less stringent and the mining companies could apply for 
exemptions. The mechanisation and the improved work environment was now said to make it possible for 
women to do the ‘male’ work tasks they had previously been excluded from – and the mining companies 
were also keen to employ women. But the development was not without opposition. Many younger men 
were especially critical of the idea of women working in the mine. Even the trade union was ideologically 
opposed. There seemed to be a limit to gender equality. According to this view, women, especially wives, 
were not supposed to work in the mine. However this conflict never became a major problem because the 
economic recession in Sweden in the late 1970s and 1980s forced the mining companies to start dismissing 
workers – and most of the small number of newly recruited women were amongst the first to be retrenched. 

3.4 Year 2005 
Due to the opening of a new main level (at 1045 metres underground) in 1997, new, major investments were 
made in the form of remote control and automated technologies. In 2004 a combined production centre for 
the whole mine came into operation, placed above ground on the seventh floor of the large office building on 
site. The new production centre is the dominant feature of our fourth visit, in 2005.  

However, in the development phase, relatively little has changed. The drill rig is run manually underground 
by an operator according to a pattern shown on a computer display screen. It can be programmed to run 
automatically but it is usually better if the operator does it himself. He is bound to the rig because he has to 
leave the driver’s carriage to change the drill cores at certain intervals and sometimes has to clean the holes 
with a pick axe. After one hour of drilling he moves the aggregate to the next location. Charging is 
conducted as before by chargers with a specially equipped vehicle for the purpose. Loading occurs as before 
with electrically driven loaders. 

The differences are more obvious during caving. Drilling has been automated and is remotely operated from 
a control room underground. There are three operators controlling six drill rigs. These are monitored by 
television and driven completely automatically, but the operator can take over and steer by means of 
joysticks if something goes wrong. It takes approximately 24 hours to drill a contour, after which the 
operator goes out and moves the drill rig a few metres to the next contour. During the night the drills operate 
automatically and immediately shut down if an error or irregularity is detected. The drill is then attended to 
by the incoming morning shift.  

The majority of loading occurs as before. A new element is the presence of female loaders. An even more 
recent development is that some loading machines are remote-controlled and the driver has been moved to 
the seventh floor of an office building above ground. The driver has thereby become an operator. The loaders 
run automatically from the face to the ore shaft where they dump the ore and return to the face. When the 
loader machines are back at the face, the operator takes control to fill the bucket using joysticks. The 
operator can manoeuvre two loaders simultaneously. Loading takes place around the clock only stopping 
during actual blasting.  

On the main level there is no big difference in the process although even these operators have been moved up 
to the seventh floor. Chute loading is conducted in more or less the same way although the equipment is 
smaller and more modern. The large joysticks have been replaced with small fingertip-operated sticks. One 
chute loader is able to operate all the chutes single-handedly but most often there are two chute loaders 
operating. The operation of the transport train has also been moved above ground and is conducted by one 
man. 

However, when the ore gets jammed in the shaft the chute loader cannot, as was previously the case, go out 
to the chute to blast. As a result a new process stage has been introduced - rock breaking. This entails placing 
a metal grid across the ore shaft so that larger rocks and boulders can be trapped. A remotely-operated 
hammer is now used to smash the trapped rocks. An operator, again located on the seventh floor of the office 
building above ground, operates six such hammers using joysticks and TV monitors. 
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  Technical level 

Process type Work task Development work Excavation 

Drilling 3 6 

charging 2 2 

material extraction  

blasting 5 5 

loading 

Hauling/dumping 

 

3 

 

5 

 

chute loading  5 

transport  

dumping  

processing crushing  

skip loading  transport 

skip hoisting 

 

 
 
6 
 

 

Figure 4: Levels of technology at different work tasks 2005 

As we can see the degree of automation has increased and more work tasks have become remotely-
controlled. In the near future it appears that the only work actually undertaken underground will be 
maintenance work. As a result, work in the mine has increasingly come to resemble that of a process 
industry. On the seventh floor mining work is now undertaken in a clean and pleasant work environment 
with a beautiful panoramic view of the city. From this remote location the excavation process is controlled 
and supervised by teams of operators. The previously distinct job categories of loaders, chute loaders and 
rock-breakers now exist within the same work location. Even though the remote-controlled technology 
implied a direct transition from solitary work in a machine carriage to joint operating teams in the control 
room, no changes were made to the formal organisation, job positions and work allocation. Workers were 
still called ‘loaders’, ‘rock breakers’, ‘chute loaders’ and ‘train directors’ and they were still divided between 
several control rooms. However these arrangements are now under revision and operators have started to 
alternate between a variety of work tasks on the seventh floor. In the future it is likely that a more generic 
occupational classification will come to replace the traditional jobs: that of the ‘mine operator’. 

Yet another new element is the presence of women as mine workers both underground, and also on the 
seventh floor. However the total number of women mine workers in general has remained at 3-4 % since 
1978. From this perspective, modern mining work still seems to be an overwhelmingly male affair. During 
the last 30 years very few women have applied for jobs in the mine. Nevertheless, the company has stated 
that it is very keen to significantly increase female employment in the future. Even if much of this is 
company rhetoric, the number of female mining worker is rising and also this will eventually have an effect 
on the nature of mine workers’ work identity. 

4 Discussion – the transformation of mining work and implications for skills, 
identity and gender 

We begin by reflecting on the technical development and the worker’s role in the technical system, over the 
past 50 years at LKAB. The application of our version of Kern and Schumann’s (1974) classical 
classification system presented earlier has been summarised in four diagrams (Tables 1-4). It can be seen that 
the level of technology in the mine has increased significantly over the entire period. The key development 
has been a shift towards greater automation and remote control of more and more of the production process. 
We can also see that throughout the period, the level of technology tends to be highest toward the end of the 
process chain. In order to understand this it is important to remember that the iron ore changes form along 
the production process. The iron ore starts as fixed mountain rock. It is then exploded into smaller pieces that 
are then crushed before being transported to the surface for further refining. As a result, the later processes 
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are easier to automate and control remotely. Nevertheless, the technological developments at LKAB 
demonstrate that even drilling is a process that is possible to automate.  

As a result of the increasing level of technology, the role of the worker in the technical system has changed 
and the relationship between the worker and the mountain has changed. While there has always been a 
machine between the worker and the rock, over time that machine has tended to become bigger and more 
technologically sophisticated. Work processes have become automated or remotely controlled. This has 
created new types of work where improvements to the physical work environment are obvious. Down in the 
mine the bulk of heavy lifting work has been eliminated and the hazards associated with noise and dangerous 
gases have been diminished. For many of the mineworkers actual contact with the rock is minimal. In the 
most extreme cases, the operator makes only occasional visits to the machine that he or she remotely 
controls. The operator can return home after work as clean as he or she arrived. 

4.1 Qualifications, knowledge and skills  
These changes also include changes in qualifications, knowledge and skills. Using Kern and Schumann’s 
concepts we can see a clear transformation from the traditional craftsman like qualifications reflected in a 
degree of autonomy, the use of manual skills and sensitivity to material (‘rock-sense’) to the more technical 
qualifications based on abstract knowledge necessary to operate the new advanced technologies. Workers are 
also subject to new demands for teamwork, responsibility, autonomy, and a comprehensive understanding of 
production flow. This can be seen as a movement from qualifications dependent on the process to more 
process-independent qualifications. Process-dependent qualifications include the forms of knowledge and the 
skills needed for undertaking the work tasks specific to the production processes at the work site and can be 
of two kinds: craftsman like or technical. With process-independent qualifications Kern and Schumann are 
referring to more generic skills: flexibility, technical intelligence, perceptive ability, technical sensibility, a 
sense of responsibility, trustworthiness and independence. 

What was once the mining workers’ tacit knowledge (Polanyi 1967) has now been formalised and codified 
into automated routines and computer programs. In this we can see contradictory movements of ‘upskilling’ 
(rapidly changing skill demands, more theoretical and comprehensive tasks) and ‘deskilling’ (fragmentation 
of individual craft knowledge and whole tasks). One effect of remote control is that the work tasks seem 
much simpler when they have been moved out of their context, i.e. the physical place where the loading or 
drilling machines work. The work tasks probably are as simple or as complex as before, but since they do not 
need to be undertaken in a difficult work environment, the aura of ‘job secrets’, tacit knowledge or craftsman 
like qualifications disappears. 

We can also see a form of ‘reskilling’ in the changes occurring in mining work. While the new types of work 
tasks are based more on theoretical or technical qualifications, this does not mean that there is now no need 
for manual skills and tacit knowledge. What we are talking about is a new type of skills, not based on 
physical strength but on concentration and tactile ability, for example to drive a truck via TV-monitor and 
joystick. These new forms of knowledge and skill are in some aspects more abstract and theoretical than the 
traditional ones, but in other aspects they are still physical and tacit.  

4.2 Identity  
Whether it is a question of upskilling, deskilling or reskilling, the transformation of knowledge has effects on 
workplace culture and identities (Billet et.al. 2007). New imperatives have emerged and people are adapting 
to them. In the future, it is likely that the company will recruit a different type of person with different 
competencies. Individuals’ actions and identity formation at work will tend to be affected by the 
organisational structures and/or the symbols characteristic of the production system in different ways. 
Creating work identity involves learning. For example, individuals need to figure out what identities to enact, 
how to enact them and how others perceive their identity. This can be understood as both socialisation and 
informal, unintentional learning (contextual/situated), i.e. as a part of the process of becoming a full member 
of an organisation or a community of practice (Wenger 1998, Salminen-Karlsson 2003). 

Together with the new technology, the better work environment, and the new type of work tasks, the changes 
in qualifications challenge old behaviours and attitudes. This process is neither simple and nor without 
resistance. The resilience of the traditional workplace culture was demonstrated when the operation of the 
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front loaders was moved from underground to seventh floor of the office building. The workers still saw 
themselves as underground miners, and reinforced this by changing their clothes after every shift in spite of 
the fact that they were just as clean as when they commenced their shift. While the practice ceased after a 
year or so it is apparent that the operators still wanted to be seen as miners. The introduction of remote 
control, and especially the move up to the seventh floor, has, to some extent, been met with a division of 
workers into ‘us’ and ‘them’. The underground miners, especially those doing manual work tasks, see 
themselves as ‘real miners’ compared with the remote control workers that are seen as weaker and somewhat 
effeminate. 

This is an example of the fact that some changes can be in contradiction to (or be out of sync with) other 
changes. The identity aspects of work, i.e. how individuals create and recreate identity and sense of self, and 
the symbolic aspects of work, i.e. stories, myths, ideas and perceptions of what a ‘real’ mining worker is like, 
seem to be lagging behind the structural changes at the workplace – the new technology and new 
qualification demands. It appears that the symbols of mining work are still the traditional ones. 

Worker identity and workplace culture can serve a ‘restorative function’. The sometimes strong desire to 
retain the old workplace culture, even if it is outdated, can make it difficult to change the more formal or 
structural aspects of the organisation and in these processes gender are an important part. 

4.3 Gender  
The work and the workplace setting that is characteristic of the mine is ‘male’ in a concrete and obvious way 
since it is an overwhelmingly proportion of men who are employed there. Only 3% of the mining workers at 
LKAB are women. Across the whole company only 8% of employees are women. The mining workplaces 
are also male in a discursive and cultural sense as well because the work, the profession and the workplace 
culture have strong symbolic links to masculinity. The fact that women and men now can do the same work 
challenge male mine workers’ identities and the traditional mining culture seems ill-prepared for that 
challenge. Mining workplaces are usually rather closed and male homo-social and you can find overly 
explicit expressions of a special type of masculinity - ‘macho-masculinity’ (Abrahamsson and Somerville 
2007. In these kinds of workplaces men, more than in other workplaces, find it difficult to be associated with 
competencies, attitudes or behaviours that have a female gender-code (Eveline 1989, 2001). Examples of this 
from LKAB is when the underground mine workers, especially those doing manual work tasks, half-jokingly 
give the remote control workers nicknames such as ‘the velour workers’ and when they are saying things like 
“now the strive for gender equality has gone too far” (Andersson and Abrahamsson, 2007). Some typically 
‘restorative’ responses, such as men’s refusal to do ‘women’s work’, can be seen as the men (and women) 
guarding the existing local gender order – and local masculinity in particular (Abrahamsson, 2002). But the 
constitution of masculinity at the mine is not simply a negative mirror image of femininity, it also creates a 
barrier to the construction of other masculinities – and especially ‘unmanliness’ (Connell, 1995). The earlier, 
very open and direct opposition to women’s work in the mine can be explained in part by the threats posed 
by women workers to the traditional images of mining and the traditional male identity of miners (Blomberg, 
2006).  

In the mining workplaces one encounters ‘mining hero stories’ and some ‘macho men’ around whom the 
local hegemonic masculinity (Connell, 1995) is built. And one can also find that behind the overly explicit 
discourse of ‘macho-masculinity’, there is a wide spectrum of individual expressions of identity. The 
majority of mining workers do not, of course, live up to or behave fully in accordance with the ideals and 
norms of the old masculinity, but at the same time often glorifying, protecting and promoting it. In any event, 
all tend to share the same image of what constitutes a ‘real miner’ – he works underground performing 
demanding manual tasks in challenging conditions – and tend to reproduce and sustain key elements of the 
traditional mining culture. As one miner explained:“You get pissed off when you see girls in front of 
computer screens in all the media pictures. In my workplace underground we still use the same tools as in 
the 1950s, but no one is visiting!” (Andersson and Abrahamsson, 2007). 

Nevertheless, the changes in the mining industry during the last 50 years associated with new technology and 
new qualifications demands have obviously threatened the local hegemonic masculinity rooted in the old 
type of mining work. The symbolic and discursive connections between mining work and masculinity 
probably serve to sustain a form of worker identity that lags behind the structural changes that have 
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transformed mining work. The ‘macho-masculinity’ might be an especially durable cultural form. However, 
we can also see indications of change: something is happening with the construction of gender. There are 
new types of masculinities (and femininities) that increasingly share the space with the old and potentially 
fading type of masculinity – not only in workplace culture, but also in the local surrounding society. 

5 Concluding reflections  
In this article we have discussed how individuals create and recreate qualifications, identity and gender when 
confronting new technology and a changing work context. Based on our results we can see a strong link 
between work and the construction of qualifications, identity and gender. From a historical perspective there 
have been quite thorough changes for the miners as an occupational group. Deep knowledge about the rock 
is still essential for the underground miners and their skills are related to their ability to ‘read the rock’, but 
this type of mining worker is becoming less common. For the new type of miner, working on the seventh 
floor, it is more a question of abstract knowledge, an ability to read and understand pictures and symbols and 
relate them to different measurement test results. But, as our study shows, even for them, the old culture still 
is an important feature of workplace learning. It is still something that informs the way workers learn and 
construct knowledge and skills. The workers continue to be schooled in the old workplace culture and it 
continues to mediate their constructions of identity and gender. The resilience of this culture has been used to 
account for the ‘worker identity lag’ and the difficulties of adapting attitudes to the new qualification 
demands, new structures and new work tasks. Nevertheless, it is not only a question of defending and 
keeping the old workplace culture or identity. The new forms of workplace learning in the mine have less 
and less space for the old types of competencies, attitudes or ideals. The old style of macho behaviour is also 
directly challenged and workers now have to find new ways to learn and develop a workplace culture based 
on a new type of worker identity and masculinity.  
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