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ABSTRACT 

Assessment of pillar stability is one of the most crucial steps in mine design. In Swedish 

cut-and-fill and open stope mines, stability of sill pillars and stope roofs are of vital impor-

tance. To obtain better methods of design for these construction elements, the true behav-

iour of the pillar structures must be considered. In this thesis, a methodology for design of 

stope roofs and sill pillars in the  Zinkgruvan  Mine, Central Sweden, is presented. 

The design methodology comprises a set of design criteria and tools for analysis. Character-

istic for this methodology is that it can account for variations in both geology and loading 

conditions and how these factors affect pillar and stope roof stability. The prime sources of 

information in developing the design methodology are extensive field observations of in-

stabilities and geomechanical conditions in the mine. 

The information gathered from detailed field studies has been stored in a computerized 

databank in a PC environment. The databank greatly facilitates retrieval and interpretation 

of data collected in the mine. The observed instabilities in the mine can be grouped into a 

number of failure modes, which in turn are related to variations in local geology. The rela-

tionships between geological base cases and modes of failure form the basis for further 

analysis and development of design methods. They are also directly applicable for long 

term mine planning and design. 

For quick and simple prediction of stability conditions, a set of stress level criteria for the 

onset of different failure modes have been extracted using linear elastic numerical mod-

elling. These criteria apply for preliminary design of  stopes  and pillars. They do not, how-

ever, adequately account for variations in strength and rock mass behaviour. In order to do 

so, more sophisticated models which can replicate the observed modes of failure were ne-

cessary. Such models have been identified and calibrated against visual observations. Sub-

sequently, suitable guidelines on how to model a specific failure mode have been produced. 

These models can be utilized in detailed design of stope roofs and sill pillars in the  Zink-
gruvan  Mine. Furthermore, the models served as an aid in identifying the most fundamental 

failure mechanisms, which are essential to know in order to select support strategy at a later 

stage. 
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Due to a lack of quantitative measurements, the proposed methodology has not been com-

pletely verified. Furthermore, not all of the important failure modes can be simulated in the 

models and hence more effort must be devoted in quantifying the governing mechanisms 

behind failure. Although the tools and methods developed in this research are specific for 

the  Zinkgruvan  Mine, the methodology is still generally applicable to other Swedish mines. 

Keywords: Rock mechanics, sill pillar, stope roof, stability, design. 
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SAMMANFATTNING 

Dimensionering av pelare utgör ett av  de  kritiska momenten i det bergmekaniska arbetet i 

gruvor. För svenska gruvor som nyttjar igensättningsbrytning och olika  former  av pallbryt-

ning, finns ett behov av dimensioneringsmetoder som bättre än idag kan ta hänsyn till 

pelarstrukturers verkliga beteende. I denna avhandling presenteras  en  metodik för dimen-

sionering av rumstak och mellanskivor i Zinkgruvan. 

Dimensioneringsmetodiken innefattar  en  uppsättning  kriterier  och verktyg för analys.  Den  

viktigaste egenskapen  hos  denna  metodik  är att  den kan  behandla  variationer  i  både geologi  

och belastningsförhållanden och dessas inverkan  pä  stabiliteten hos  mellanskivorna och 

rumstaken. Huvuddelen  av  utvecklingsarbetet  med  metodiken baseras  på  omfattande fält-

observationer  av  instabiliteter och geomekaniska förhållanden i gruvan.  

Den information som  insamlats  via de  detaljerade fältstudierna  har  lagrats i  en databank  i  en  

PC-miljö.  All information  finns därmed samlad  pä  en plats,  vilket betydligt underlättar jäm-

förande  analyser  och tolkningar.  De  instabiliteter  som  observerats  kan  inordnas i ett  antal  

brottformer,  som  i  sin tur kan  kopplas till  variationer  i  lokal geologi.  Sambanden mellan 

dessa geologiska typfall och förväntade brottformer utgör  grunden  för fortsatt analys och 

utveckling  av  dimensioneringsmetoder.  De  är naturligtvis också  direkt  användbara, i första  

hand  för långsiktig gruvplanering. 

För att kunna utföra enkla och snabba prognoser i samband med brytningsplanering  har  

spänningskriterier för brott upprättats med hjälp av relativt enkla linjär-elastiska numeriska  

analyser.  Dessa kriterier kan omgående nyttjas för översiktlig  design  i tidiga planerings-

stadier. Spänningskriterierna tar dock inte hänsyn till varierande materialegenskaper varför 

mer sofistikerade  modeller  som kan reproducera  de  observerade brottformerna är nödvän-

diga. Dessa  modeller har  kalibrerats mot visuella observationer och riktlinjer för modell-

analys av liknande  fall  har  upprättats. Modellanalyserna  har  samtidigt bidragit till att  de  

mest fundamentala brottmekanismerna  har  kunnat identifieras, något som är av stor bety-

delse för framtida val av exempelvis förstärkningssystem.  

Den  föreslagna metodiken  har  inte kunnat verifieras  helt  pä  grund av bristen  pä  mätdata. 

Inte  heller har  alla i gruvan förekommande brottformer kunnat analyseras, varför  det  fort-

satta arbetet  mäste  inriktas  pä  att utföra fler mätningar och kvantifiera återstående  meka-

nismer. De metoder som  tagits fram i detta arbete är specifika för Zinkgruvan  men den  

redovisade metodiken är generellt användbar också i andra svenska gruvor. 
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LIST OF SYMBOLS 

01 	= major principal stress (compressive stresses are taken as positive) 

03 	= minor principal stress 

0H 	= major horizontal stress 

0 	= minor horizontal stress  h  
a 	= vertical stress V 
a 	= global pillar strength  

P 

E 	= Young's modulus 

v 	= Poisson's ratio 
a 	=  uniaxial  compressive strength  c  

m 	= strength parameter in the Hoek-Brown failure criterion 

s 	= strength parameter in the Hoek-Brown failure criterion  

c 	= cohesion  

(i) 	= friction angle 

W 	= pillar width  

H 	= pillar height 

W/H = width-to-height ratio for a pillar 
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1 	INTRODUCTION 

1.1 	The pillar problem in mining 

In general terms, rock pillars can be defined as the in situ rock between two or more under-

ground openings (Coates, 1981). In mining, it is more practical to define a pillar as a por-

tion of rock left only to carry load or reduce deformations, in order to maintain stability in 

the mine. Hence, there is an ever-present demand on keeping the pillars at a minimum size 

to reduce ore losses. At the same time the pillars must be stable, since a pillar collapse may 

lead to serious hazards and subsequent losses of production from one or several  stopes  in a 

mine. Consequently, a successful pillar design is a balance between these two contrasting 

objectives. 

The classical approach to pillar design is to use an empirical pillar formula for estimating 

the strength of a pillar (Salamon & Munro, 1967; Obert & Duvall, 1967). There are a num-

ber of these formulas available, and overviews have been given by  Hustrulid  (1976) and 

Logie & Matheson (1981). They are often combined with the "tributary area method" for 

calculating the load on the pillar, as exemplified by Brady & Brown (1985). Provided that 

the pillar formulas are applied in areas with similar geomechanical characteristics as where 

they have been derived, they can work very well. Most of them have been developed for 

soft rocks and proven to be quite successful for the design of vertical pillars in room-and-

pillar coal mines. They are less satisfactory in hard rock mines and there are very few cases 

where horizontal pillars have been designed using pillar formulas. This is mainly due to the 

limited amount of data available in this case, for determining the parameters in the formula. 

However, the major drawback of the pillar formulas is that they are not based on any mech-

anistic explanation of pillar behaviour. Different modes of pillar failure due to variations in 

strength, loading conditions or end constraint, are not considered. These and other factors 

that control the pillar behaviour are all included in one single expression, which makes it 

impossible to account for local failure or post-failure behaviour of the pillar. Analytical 

equations have been derived to overcome some of these deficiences (Wilson, 1972, 1983; 

Barron, 1984; Essex, 1988) and have in some cases been applied successfully for vertical 

pillars in coal (Carr, 1992) and oil shale mines (Abel Jr & Hoskins, 1976). The analytical 

models still suffer from the drawback of not being universally applicable, but rather limited 

to a specific geomechanical environments. This restriction also excludes many other design 

methods developed for vertical pillars in soft rock, for use in design of hard rock pillars. 

The added need for an accurate and reliable design for horizontal pillars implies that other 

tools and methods must therefore be made available. 
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1.2 	Objectives and scone of work 

The most important and most common pillar type in Swedish mines are horizontal pillars in 

tabular and steeply dipping orebodies. These are typically mined using cut-and-fill or open 

stope mining, leaving both traditional sill pillars between each sublevel, as well as bench-

type pillars between the drilling and loading levels in open stoping, as shown in Figure 1. It 

is essential, from a production point of view, that these pillars can be designed accurately 

even at an early planning stage. Furthermore, stope roofs are created during mining (Figure 

1) and these construction elements are, from a mechanical viewpoint, related to the other 

two types of pillars. 

The stability of all these pillar structures is of vital importance for mining operations to be 

succesful and hence, accurate and reliable design methods are required. The current thesis 

deals with the stability of sill pillars, benches and stope roofs, as encountered in cut-and-fill 

and open stope mines in Sweden, and with special application to the  Zinkgruvan  Mine in 

Central Sweden. A methodology for design of sill pillars and stope roofs in  Zinkgruvan  is 

presented, which can better account for the true behaviour of the pillars and the stope roofs. 

Vertical pillars are not considered in this thesis, nor other types of pillars used in alternative 

mining methods. Furthermore, the actual design of new  stopes  and pillars in the  Zinkgruvan  

mine is not within the scope of this thesis. Although the design methods are developed for 

one specific mine, the proposed methodology as such has more general applications to other 

Swedish mines. 

Figure 1. 	The different types of pillars considered in this thesis. Stope roofs (left), sill 

pillars (middle) and benches (right). 
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The  Zinkgruvan  mine is a tabular and steeply dipping orebody where zinc, lead and silver 

are recovered using both ordinary cut-and-fill mining and new versions of open stoping. 

During the last few years stability problems have been noted at an increasing rate. These are 

primarily local stress-controlled failure, but the mine has also experienced larger roof and 

pillar collapses resulting in significant production losses. Even though the rock mass in gen-

eral is brittle and of high-strength, weaker zones occur both in the ore zone and in the host 

rock. These facts, together with increasing rock stresses due to greater mining depths, im-

plied the necessity for a better design methodology for sill pillars and stope roofs. 

The most important requirement for a good design methodology for  Zinkgruvan  is that it 

should account for variations in both geology and loading conditions and particularly their 

implication on pillar and stope roof stability. The corresponding design methods should be 

based on a mechanistic understanding of the pillar behaviour. The design methods should 

preferably be easy to use, but extensive and explicit guidelines for analysis should also be 

provided. 

The development of a design methodology for  Zinkgruvan  is outlined in Figure 2. Field ob-

servations are obviously the most important sources of information. Consequently, detailed 

investigations of rock mass behaviour during mining were initially carried out. This also in-

cluded gathering information on the mining sequence, reinforcement and measurements, all 

of which are described in paper A. In order to summarize this information in a more under-

standable form, considerable effort has been devoted in developing a computerized data-

bank to facilitate retrieval and interpretation of data, as presented in paper  B.  

A more detailed investigation of the effects of geological variations on pillar behaviour and 

establishing the relationship between observed failure and local geology is presented in pa-

per  C.  These data form the basis for developing design methods, in which two different ap-

proaches have been taken. The first one involves fairly simple linear elastic stress analyses 

which yield crude, but ready-to-use criteria for preliminary design. The other approach aims 

at reproducing the observed modes of failure using numerical models and identifying the 

most fundamental failure mechanisms. The final result thus constitutes of guidelines on how 

to model a specific case in the mine, as well as knowledge of the governing failure mecha-

nisms. These activities and the developed methodology is fully described in papers  C  and  D.  

In the following sections the results from each part of the research work are briefly de-

scribed and summarized. Finally, conclusions from the entire work is presented. 
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2 	PILLAR AND STOPE ROOF DESIGN 

2.1 	Input data for desi2n (navers A and B) 

In all rock mechanics design there is the problem of determining relevant input parameters. 

Regardless of what design methods used, the results are always in some way dependable on 

the quality of the input data. Consequently, greater effort must be devoted to defining reli-

able design parameters and achieving a better understanding of the mechanisms that control 

the behaviour of construction elements in mining, such as stope roofs and sill pillars. 

The prime sources of information in obtaining this, are field observations. By documenting 

and studying a variety of case histories, valuable information on pillar behaviour can be ex-

tracted and used for design at a later stage. This requires a rational and convenient way of 

storing and analyzing large amounts of data. Such a system must be capable of storing both 

graphical and non-graphical information, which in turn should be possible to modify and 

update at any time. It must also allow the user to freely choose how to view and interpret 

the information. 

To fulfill these requirements a computerized databank has been developed, consisting of a  

CAD-program,  MicroStation PC, coupled to a database-program, dBASEIV. Both pro-

grams are commercially available software for PC environments. The concept of the data-

bank was developed jointly together with a parallel project concerned with hanging wall 

stability (Herdocia, 1991). Graphical information such as two- or three dimensional mining 

geometry, geological maps, mining sequences, damages and reinforcement is stored in the  

CAD-program,  while supplementary information on geology, damage descriptions, mea-

surements and rock mechanics parameters is stored in the database-program. Records in the 

database are coupled to individual graphical elements in the  CAD-program,  and can be re-

trieved from within the  CAD-program.  Consequently, the databank forms an integrated and 

user-friendly package where a large set of data is stored in one place and can easily be re-

trieved and analyzed. 

Currently, the databank on pillars comprises information from the  Zinkgruvan,  Näsliden, 

Rävlidmyran and  Udden  mines in Sweden. In total, some 30 sill pillar cases and numerous 

stope roof cases have been included. In the following analysis the data from  Zinkgruvan  

have been used exclusively. This information includes mapping of geometry and rein-

forcement, rock mass classification, studies of mining layout and sequence and, most im-

portantly, mapping of failure modes in and around  stopes  and pillars. 
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Unfortunately, there are very few deformation measurements available from the  Zinkgruvan  

mine, which means that mine experience and visual observations have become even more 

important in developing and verifying the design methodology. 

2.2 	Failure and 2eolo2v (inners  B. C  and  D)  

When adopting a design methodology for the  Zinkgruvan  Mine, special attention must be 

paid to the behaviour of the stope roofs and the sill pillars and the controlling factors. As 

mentioned above, the methodology should address the actual physical behaviour of the rock 

mass in order to be as generally useful as possible. 

Such a methodology should be based on knowledge of the prevailing modes of failure in the 

mine. Failures in the sill pillars and the stope roofs must be considered, as well as failure in 

the stope walls since they might impact on the roof and pillar stability. Furthermore, it is 

important to understand the factors that govern failure, why data on geology and strength 

properties are also necessary. Most of this information can be found and accessed through 

the databank, but complementary detailed field studies were also required. 

Careful mapping in various parts of the mine identified altogether 10 different failure 

modes. Studies of the local geology revealed that even small variations in strength and min-

eral composition of key elements can lead to drastically different mechanical behaviour of 

the rock mass. Hence, the geological features which are found to most significantly influ-

ence the rock mass strength and stiffness were identified and systemized into a number of 

geological base cases. Subsequently, these were linked to the observed instabilities, thereby 

establishing a set of relations between failure modes and local geology. An example of such 

a combination is listed below: 

GEOLOGICAL BASE CASE =>  FAILURE MODE  

Average width ore (M2) 

One limestone bed in the ore (K2) 

Footwall  skarn,  weak or strong (L2, L3, L4) 

No joints in the ore  (Bl)  

Fall-outs  from weak 

zones in the ore + 

Horizontal spalling in the 

ore zone + 

Major roof and pillar 

failures 
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These relationships provide information on what failure to anticipate in a certain geological 

environment and is thereby a useful, qualitative tool for mine planning. As indicated above, 

it is also the basis for proceeding to developing models for the observed instabilities. Since 

some of the geological base cases are restricted to specific areas in the mine, they also point 

at which parts of the mine that are particularly exposed to instabilities. In order to establish 

criteria for when failure will occur, enabling more accurate predictions to be made, the 

stresses acting on the construction elements must also be considered. This is described in 

the following section. 

23 	Stress levels at failure (papers  C  and D1 

The simplest form of design rule is a criterion for the onset of a specific failure mode. To 

obtain this, knowledge of the initial stress field is required as well as an analytical tool 

which enable stress calculations. Available data from stress measurements in the mine are 

relatively good, and the virgin stress field has been determined using these data, with some 

assistance also from back calculation. Vertical stresses were found to correspond to the 

cover load and the horizontal virgin stresses are two to three times in excess of the vertical 

stresses. 

By using these values as input data, and calculating the stresses in pillar structures subjected 

to instabilities, it was possible to determine the stress levels at which failure will occur. For 

the analysis, which is purely linear elastic, the displacement discontinuity program  MIN-

SIM-D  (Napier & Stephanson, 1987) was utilized.  MINSIM-D  is a "pseudo"-three dimen-

sional program for tabular geometries where the orebody is assumed to be comparatively 

thin in one direction and fairly extensive in the other two. Thus, it is well suited for the 

mining geometry in  Zinkgruvan.  

Not all the failure modes can be analyzed in this manner and in some cases there is also a 

large scatter in the critical stresses as calculated for a specific mode of failure. Despite this, 

it was possible to extract a set of stress values, representing initiation of failure. These 

results are presented in Table 1. 
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Table 1. 	Stress levels at onset of failure. 

MODE OF FAILURE Maximum horizontal 

roof stress [MPal 

Average pillar stress 

[MPal  

Fall-outs  from limestone 

beds in the ore zone 

46 64 

Foundation failure in 

the footwall 

67 63 

Horizontal spalling in the 

roof (lower limit) 

81 79 

Horizontal spalling 

(average value) 

98 - 

Global pillar collapse - 90 

The stress level criteria generally apply to preliminary design of stope and pillars in early 

mine planning stages. For more elaborate analysis, it is necessary to account for the mech-

anisms behind failure in the rock mass, as described below. 

2.4 	Failure mechanisms and failure modellin (papers  C  and  D)  

Failure mechanisms are the key to solving most stability problems. A failure mechanism de-

scribes the process in the rock material or the construction element as the load increases and 

failure initiate and progress. The mechanisms have to be identified based on the failure 

modes and the geomechanical conditions. Numerical models can be used as an aid in the 

identification process by choosing and calibrating models until they can reproduce the ob-

served behaviour of a stope roof or a pillar. 

Since measurements are very scarce, it is neither possible to quantify, nor fully verify, the 

proposed mechanisms. However, even a qualitatively correct understanding of the govern-

ing and most fundamental failure mechanisms is extremely useful as they point at the weak 

link in the system. Hence, it provides valuable information on how instabilities possibly can 

be avoided and on support strategy for reducing the consequences of failure. 
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For the  Zinkgruvan  mine, the computer programs FLAC (Cundall, 1976) and UDEC 

(Cundall, 1971) have been used in an attempt to simulate some of the most important and 

most common failure modes. FLAC and UDEC are two-dimensional finite difference and 

distinct element codes, respectively, capable of simulating both linear elastic, elasto-plastic 

and anisotropic materials, and of including discontinuities in the model. The shortage of 

measurements and strength data is to some extent overcome by using rock mass classifica-

tion, in conjunction with the Hoek-Brown failure criterion (Hoek & Brown, 1988), to arrive 

at initial estimates on material properties for the models. The subsequent calibration has 

been performed by comparing the output from the models with the observed failure modes 

and the information in the databank. 

Numerical models have been identified for three important modes of failure: fall-outs from 

the weak limestone beds in the roof, foundation failure in the footwall and larger roof fail-

ures initiated as fall-outs from the limestone beds. However, the most common failure 

mode, horizontal spalling, cannot be represented mechanically correct in a numerical 

model. Consequently, the transition of local spalling to more severe spalling and global 

failure cannot be predicted with certainty. This has a large impact on production planning, 

and the problem must be investigated further. The solution probably requires better under-

standing of the basic mechanism, which in turn will make it possible to develop suitable 

methods to arrest failure by support. 

The mechanisms behind failure have been identified for the fall-outs from the limestone 

beds and the foundation failure in the footwall, and suggestions on how to improve stability 

conditions have been outlined. Furthermore, a set of guidelines on how to model a specific 

geological environment and the expected failure modes, have been established. These mod-

els apply to short term planning and detailed design of stope roofs and sill pillars. It is con-

cluded that the behaviour of the construction elements in the mine is very complex and sev-

eral failure modes often occur simultaneously. This implies that analyses must be performed 

for a range of possible scenarios, and the models again serve more as tools to sharpen engi-

neering judgement, rather than replacing it. 
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3 	CONCLUSIONS 

From the present study, it can be concluded that: 

- The databank provides well documented information on sill pillar and stope roof 

stability in a number of Swedish mines, and in particular the  Zinkgruvan  Mine. It 

provides a basis for comparison and analysis of different cases. Furthermore, it 

serves as a tool for validation of analytical and numerical models. The databank can 

also be used a guide and a teaching tool for new mining engineers. Moreover, the 

concept as such is applicable also to other problem areas in mining rock mechanics, 

although modifications of the software probably are necessary. 

- In order to produce better design rules for sill pillars and stope roofs, careful and 

extensive field studies are necessary. Mapping of existing failure modes and studies 

of their relation to strength variations, different geometry and loading conditions 

must be undertaken. For the  Zinkgruvan  Mine it has been proven that the various 

modes of failure are closely related to variations in local geology. Different failure 

modes occur at different levels of stress, enabling prediction of instabilities to be 

made using simple criteria and linear elastic numerical modelling. These criteria are 

directly applicable in preliminary mine design. 

- Detailed design of stope roofs and sill pillars require knowledge of the governing 

mechanisms of failure and models which can correctly represent these mechanisms. 

Such models are more complex and require better input data, but in turn signifi-

cantly increase the level of detail in the predictions that can be made, and enable 

analysis of support strategies. For the  Zinkgruvan  case, this has been obtained for 

some of the observed instabilities, but not all, and in particular not the very com-

mon spalling failure. Consequently, it is not possible to judge when small and local 

spalling progress to more serious collapses. Better data from measurements are also 

needed in order to quantify this form of failure. 
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The proposed methodology comprises a set of design criteria and numerical tools, 

rather than one single formula or model to be used exclusively. It coincides well 

with the current needs for better design methods in the  Zinkgruvan  Mine, and is 

applicable regardless of mining method. However, the methodology has not been 

completely verified and the actual design of pillar structures in the mine is yet to be 

performed. Measurements, especially of displacements, should be undertaken to 

verify the proposed methods, but also to increase the knowledge of pre- and post 

failure behaviour of the pillars and the stope roofs. 

- Although the methodology is very site-specific in its current form, the underlying 

philosophy is more generally applicable to any underground mine. By considering 

each separate stage in the proposed methodology, it is possible to arrive at a better 

understanding of the behaviour of the different construction elements in the mine, 

and thus, develop suitable design tools. 
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1  INTRODUCTION -  THE  ZINKGRUVAN  MINE 

The  Zinkgruvan  Mine is situated in the south-central part of Sweden. It 
is the largest zinc mine in Sweden and it is owned and run by Vieille 
Montagne Sweden. The steeply dipping tabular orebody of the  Nygruvan  
part of the mine consists of two ore lenses 1.5 to 10 metres apart. The 
high grade major ore zone has a varying thickness of between 2 and 20 
metres. The low grade parallel ore lens on the hanging wall side has a 
thickness of between 0.5 and 4 metres. The orebody has a length of 1500 
metres and today it has been explored down to 1100 metres depth. 
Production is currently about 800 000 tons of ore annually. Until 

now, the major mining method has been classical mechanized cut and fill 
mining. The mine is separated into levels at 50 metres spacing with 
level number also denoting depth in metres below surface. Below the 500 
metre level the distance between levels is 150 metres. Today, the major 
part of the production originates from the 650 metre level. Mining of 
the 800 metre level started a few years ago, while the 500 metre level 
is almost completely mined out (Figure 1). 
Currently, new mining methods with higher productivity rates are being 

introduced. The major part of the 800 metre level will be mined using 
an open stoping layout with subsequent backfilling. Parts of the 650 
metre level will also be mined using an open stoping layout with large 
stope heights. Vertical stoping with backfilling has also been consi-
dered for the final mining of the 500 metre level. 

During the last few years, instability problems, primarily local 
stress-controlled failures, have been noted at an increasing rate. The 
severity of these events also shows an increasing trend, and so far it 
has proven to be difficult to predict the occurrence of the failures. 
As extraction ratios at current production levels are increasing and the 
major production is transferred to deeper levels, the difficulties in 
predicting and controlling stability will be even more pronounced. 

In this paper a long term rock mechanics programme implemented to meet 
these difficulties is described. Special interest is focused on the 
stability of sill pillars which is of vital importance for the mine. A 
detailed case study of pillar stability has been performed and an at-
tempt to quantify degree and extent of damage in pillars is described. 
Finally, the strengths and the stresses imposed on the pillars are di-
scussed and a simple design criterion presented. 
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Figure 1. Longitudinal (left) and vertical section (right) of the  
Zinkgruvan  mine. 

2 ROCK MECHANICS PROGRAMME 

The rock mechanics development programme implemented at the  Zinkgruvan  
mine includes rock mass characterization, investigation of stress condi-
tions, numerical stress analysis and field observations of stability 
conditions. 

2.1 Rock mass characterization 

The geology of the  Zinkgruvan  orebody is known to a large extent. The  
Nygruvan  part of the mine can be divided into an eastern part and a 
western part, separated by a fault striking N25E. Both parts of the 
orebody strike in northwest-southeast and dip 65-80*  towards northeast. 
The geology is very consistent and the same stratigraphy can be found 
throughout the mine. Figure 2 summarizes the geology at the mine and 
shows the differencies between the eastern and the western part. 

WESTERN PART 

(Z Disseminated ore 
1=3 Compact ore  

Skarn  
ffl Limestone and Dolomite 

Skarnbanded tuffaceous rhyolite 
Tuffaceous rhyol  te  Leptite 

121Leptite with disseminations of garnet 

E3 Gneissic Leptite 

EASTERN PART 

HANGING- PARALLEL- MAIN ORE FOOTWALL 	HANGING- PARALLEL- MAIN ORE FOOTWALL 
WALL 	ORE 

? 	5 	W 	e 	20 	25 1 ki 1 

Figure 2. Geology of the  Nygruvan  ore deposit - The western part (left) 
and the eastern part (right). 
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Testing of rock properties was performed in 1983 (Borg et al, 1984). 
The results showed that both the ore and the waste rock are generally 
brittle and of high strength. Typically, Young's modulus varies between 
75 and 85 GPa, and  uniaxial  compressive strengths are in the range of 
215 to 265 MPa. The variation in strength is comparatively small for 
the specimens tested. Schmidth-hammer rebound tests have been performed 
in the mine during 1988, and results consistent with laboratory tests 
were obtained. As a complement to laboratory tests, classification of 
the rock mass using the  Q-system  (Barton et al, 1974) and the RMR-system 
(Bieniawski, 1979) is performed in areas being mined. 

2.2 Rock stress conditions 

A number of rock stress measurements, using overcoring, have been per-
formed in the mine. The measuring sites were located both in roofs and 
open  stopes  under active mining, as well as outside the  stopes  in un-
disturbed regions (Borg et al, 1984). 

A trend with principal stresses directed almost vertically and hori-
zontally can be traced out of these measurements. Vertical stresses ap-
proximately equal overburden and horizontal stresses are two to three 
times the vertical stress. In areas unaffected by mining, the major 
horizontal stress is directed parallel to the orebody, while in areas 
under active mining the major horizontal stress is directed perpendicu-
lar to the orebody. The horizontal stress perpendicular to the orebody 
increases strongly with increasing extraction ratio. 

In order to estimate the initial stress state, the stresses at the 
measuring site were calculated using a two-dimensional boundary element 
model (Crouch, 1985) and assuming plane strain conditions. Based on the 
testing of rock specimens the elastic properties of the rock mass were 
chosen to be: E=75 GPa, u=0.25. The initial stresses were adjusted un-
til the calculated stresses agreed with the measured ones. A regression 
analysis on the calculated model boundary stresses and the measured vir-
gin stresses gave the following values for the initial stress state (in 
MPa), where z denotes the depth in metres below the ground surface. 

Horizontal stress perpendicular to the orebody: 0 h = 17.9 + 0.014 z 
Horizontal stress parallel to the orebody: m = 6.7 + 0.039 z 
Vertical stress (assuming cover load): Tv  =  0.027 2 

Besides determination of absolute stress magnitudes, vibrating wire-
gauges are used to monitor stress changes during mining. IRAD- and  GEO-
KON-gauges were installed in groups of two or three in vertical bore-
holes. The gauges monitor changes in the horizontal stress perpendicu-
lar to the orebody. 

2.3 Field documentation 

The major part of the development programme has been devoted to compre-
hensive field studies of stability conditions in critical structures, 
such as pillars and stope faces. To be able to quantify the extent of 
damage on such structures at different stages of mining, a damage clas-
sification scheme has been developed. The scheme is based on a similar 
classification scheme used by the  Boliden  Mineral mining company  (Sand-
ström,  1988), which has been modified and adjusted to the conditions 
specific for  Zinkgruvan.  
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The damage classification scheme enables us to describe observed fail-
ure phenomena in qualitative as well as quantitative terms. Zones of 
failure are identified and the observed failure modes are compared to 
the ones in the scheme and classified. The intensity of the damage, de-
fined as the depth of the damage zone, is also noted and rated. Bore-
hole viewing is often used as an aid in determining depth of fracturing. 
The reinforcement installed is mapped as well as possible damages to the 
reinforcement. 

TA:Stress-induced slabbing in the roof 

Figure 3. Mapping sheets for damage mapping (left) to-
gether with an example of the mapping scheme (right). 

Starting in 1986, some ten sill pillars have been investigated  (An-
dersson,  1987). As the mining of the 500 metre level reached its final 
stage, a more detailed case study was performed. 

3 FINAL MINING OF THE 500 METRE LEVEL 

3.1 Stability during mining 

Mining at the 500 metre level was done using ordinary cut and fill min-
ing. However, severe roof failure occurred during this phase, and as 
the mining reached the 473 metre level, it was decided to mine the re-
maining 20 metres using a vertical stoping layout. An extra drift was 
prepared above the former cut and fill stope leaving a 10 metre bench to 
be mined, retreating in one direction. A 7 metre thick sill pillar was 
to be left above the upper drift, as shown in Figure 4. Two  stopes  were 
studied; stope no 24, located in the western part of the mine and stope 
no 42, located in the eastern part. 
Classification of the rock mass, using the  Q-  and the RMR-system 

showed that the rock mass is of high quality.  Q-values are in the range 
of 3 to 12 and RMR-ratings varies between 63 and 90, the ore zone giving 
the highest ratings. There are very few joints but their occurrence is 
more frequent in the hanging wall which give lower ratings in the clas-
sification systems. Weaker zones occur, particularly In the footwall in 
stope no 42, which has a high biotite content. 
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Figure 4. Longitudinal section of stope no 24 with vertical 
sections marked (upper). The bench to be mined and the sill 
pillar to be left between the 455 and 448 metre level (lower). 

During mining of the two  stopes,  roof instabilities in the form of 
horizontal slabbing were more or less frequent. Mining of stope no 24 
could be completed, however, with some difficulty. In stope no 42 on 
the other hand, mining had to be stopped after a major roof burst in the 
lower drift. 
The reinforcement installed in the two  stopes  was heavily damaged when 

failure occurred. Reinforcement included grouted  rebars,  Swellex-bolts 
and expansion shell anchored bolts, together with mesh and cable bolts. 
All types of conventional rock bolts failed, mostly in tension, while 
the cable bolts remained more or less intact. It was concluded that 
conventional bolts were too stiff to be able to sustain the sometimes 
very fast mining induced deformations. 

3.2 Modes of failure 

Using the damage classification scheme, all failures occurring during 
the mining sequence were documented in detail. Four major modes of 
failure were identified: 
1. Rock fall-outs from the footwall.contact. 
2. Horizontal splitting of the roof. 
3. Heaving of the floor and vertical tension fracturing. 
4. Vertical splitting and buckling of the footwall. 

The first category is characterized by blocks of 0.1 to 0.5 metre 
thickness falling out, without sliding, from the weak contact between 
the  skarn  and the ore zone. The second class of failure modes is the 
horizontal slabbing of 0.1 to 0.3 metre thin slices from the roof. The 
fracturing is restricted to the outer 0.50 to 0.75 metres of the roof- 
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pillar. This type of failure is the one most frequently observed in the 
mine. The third failure mode is recognized by heaving of the floor to-
gether with long tension cracks running along strike of the stope. Ten-
sion cracks have also been observed in the roof of the lower drift along 
with bending of the roof. The fourth class of failure, the vertical 
splitting of the footwall, occur where the footwall is considerably 
weaker than the .rest of the rock mass. 

448 

455 
Vertical splitting 

Heaving and vertical fracturing 
468 	 Pillar collapse/roof burst 

472 

492.5 

er_73 496  
502 	 Slabbing/horizontal splitting 

506 

Figure 5. Vertical section of stope no 42, 
showing three of the observed failure modes 
in the  Zinkgruvan  Hine. 

Even though a number of failure modes have been distinguished, it is 
clear that more efforts must be devoted to examine the failure mecha-
nisms associated with the observed modes. 

3.3 Stresses in pillars 

Vibrating wire gauges were installed in the bench and the sill pillar of 
stope no 24, and in the ventilation drift at the 500 metre level below 
stope no 24 and 42. 

At each mining step in stope no 24, the gauges in the sill pillar re-
gistered an increase in stress level, which continued througout the min-
ing sequence. The gauges placed in the bench indicated different load 
shed depending on the height in the bench at which they were installed. 
Gauges placed close to the roof (less than 0.75 metres) showed  destress-
ing,  while gauges placed at 2.80 to 3.00 metres depth indicated increas-
ing load on the bench. This phenomenon was also observed in other parts 
of the mine. Furthermore, the gauges installed in the ventilation drift 
below stope no 42 showed an escalated stress Increase prior to the major 
roof burst, indicating that vibrating wire gauges may be good indicators 
of incipient failure. 

3.4 Strength criterion 

Using the Hoek and Brown failure criterion (Hoek & Brown, 1980), a point 
or local strength in a pillar can be calculated, provided that the mate-
rial parameters or, m and s can be determined as well as the minor prin- 

1040 



A7 

cipal stress 0-3. By comparing calculated stresses to observed local in-
stabilities in the roof of the  stopes,  the failure criterion can be cal-
ibrated and the material parameters determined  (Andersson  1987). The 
best fit was found for: s = 0.06 and m = 1 	= 250 MPa). For uncon-
fined rock, all observed instabilities conformed to a narrow interval of 
stress:  

e  = 80 ± 5 MPa 	(a =0) 
The current studies verified this criterion. Despite its simple form, 
it has proven to be of great use for design purposes. 
According to Hoek and Brown, the mean or global strength of the pillar 

is determined by taking an average over the width of the pillar. The 
strength can be expressed in terms of the width-to-height ratio (WIN). 
Using the same material parameters as above, the strength for the sill 
pillar in stope no 24 and 42 was calculated, shown in Table 1. 

Table 1. Calculated stresses in the sill pillars in stope no 
24 and 42 together with calculated global pillar strengths 
for different sections (Figure 4). 

Stope no 24 	W/H 	Global strength 	Mean stress 
Section 	 of sill pillar 	in sill pillar 

IMPa) 	 EMPa)  

G-G 	 1.15 	135 	 100 
D-D 	 0.62 	105 	 100 
A-A 	 0.57 	90 	 90 

Stope no 42 
Section 

1 (middle) 	1.25 	115 	 100 
2 (east) 	1.75 	170 	 105 

According to this, the global pillar strength is never exceeded. How-
ever, in section A-A in stope no 24 the strength and the stresses on the 
pillar are equal and, in fact, a severe roof failure occurred in this 
section. In stope no 42, the major roof burst occured where the pillar 
is weakest (smallest WIN). The sill pillar here might very well be in 
the post-failure stage but the calculated strength is not exceeded, 
which implies that a more refined design criterion for pillar strength 
must be employed. 
There are also other factors of importance not included in the design 

criterion, such as differencies in stope width. The rather large stope 
width in stope no 24 allowed the roof to bend and fracture, thereby de-
stressing the outer parts of the bench/pillar, as verified by the vi-
brating wire gauges. This can be compared to the situation in stope no 
42 where no bending of the roof occurred and hence no destressing took 
place which lead to violent failure in the bench. Furthermore, present 
pillar strength formula lack the possibility to take into account sup-
port from the vertical pillars left on each side of the  stopes.  At the 
time of the roof burst In stope no 42, the support from these pillars 
was at a minimum. The degree of confinement would have increased if 
mining continued to retreat towards the end of the stope. It appears 
that these unmined portions of rock around the  stopes  have a large in-
fluence on the stability of the pillars. 
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4. CONCLUSIONS 

In conclusion, the work so far has yielded: 
• Good geological characterization of the  Zinkgruvan  mine. 
• Good data on rock stresses. 
• Knowledge about different failure modes and their occurrence in 

different situations. 
• A rough, but useful failure criterion for unconfined rock. 

Still this is hardly enough for an optimal and safe design of sill 
pillars. The work being done also has pointed out the current needs as: 

* More accurate Methods to dimension sill pillars. 
* Better tools for adjusting layout and mining sequence with 

respect to different geology. 
* Methods to reduce stresses. 
* Methods to predict and prevent violent failures in pillars. 

These needs call for new data. Therefore, the second phase now under-
way will involve an instrumentation programme to determine quantita-
tively the overall rock mass behaviour during all stages of loading. 
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1 INTRODUCTION 

In the past years, there has been an emphasis on the development of 
more complex and sophisticated computer models in Rock Mechanics. 
This trend has been greatly enhanced by the rapid development of 
personal computers and will probably continue in the near future. 
Considerably less attention and effort has been devoted to the 
determination of sound input parameters for the models. 

In the field of geotechnology and more precisely in mining and 
underground construction, there is a large degree of uncertainty in 
determining reliable design parameters. The strength parameters 
measured in the laboratory differ significantly from those observed in 
the field. The results from tests in laboratory scale are being 
extrapolated several orders of magnitude by means of empirical rock 
mass classification systems. The use of different classification 
systems often leads to widely different values for the estimated rock 
mass strength parameters (Krauland et. al. 1989). 
The most widely used rock mass classification systems, Rock Mass 

Rating (Bieniawski 1979) and  Q-system  (Barton et. al. 1974) have been 
developed using a large number of case studies covering a variety 
of scales. These systems show, however, a marked influence from 
tunnelling, which is the main object for which they were created. The 
use of both classification systems has broadened to practically all 
other areas of rock engineering without significant changes. The 
relative importance of the parameters included in the classification 
system may not be appropriate for the analysis of other structures, 
such as hanging walls or pillars. 
Furthermore, the criteria currently used for design of construction 

elements in mines are often not satisfactory. Pillar strength 
formulae developed for coal fields In South Africa are being used for 
design of pillars in hard rock mines in Scandinavia and the rest of 
the world. 
These facts illustrate the need to direct more research efforts 

towards the study and evaluation of case histories in order to define 
more reliable design parameters and to get a better understanding of 
the mechanisms that control the behaviour of construction elements in 
mining. In an effort to accumulate data on the behaviour of 
structural elements in large underground excavations, a databank is 
being developed at the  Luleå  University of Technology. 
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This paper describes the development of a Rock Mechanics information 
bank based on case studies. It contains geometric, geologic and rock 
mechanics data, as well as measurements and observations that can 
serve as a basis for the development of improved design criteria for 
construction elements. 

2. PRINCIPLES FOR THE DEVELOPMENT OF A ROCK MECHANICS DATABANK 

The information to be stored in the rock mechanics databank needs to 
consist of both graphic and non-graphic data. A system capable of 
fulfilling this requirement should be composed of two parts, a CAD 
program for storage of graphic information and a database for storage 
of non-graphic data such as measurements and rock mechanics 
parameters. 
The databank should also be dynamic, with the capability of changing 

and upgrading stored data. It should also be possible to include 
additional and completing information, either in the form of new data 
in existing categories or totally new data groups. 
Note the use of the term "databank" instead of the more commonly 

used "database". The latter expression is often associated with 
non-graphic information bases in form of records resembling a 
traditional card register. The term "databank" as defined in this 
paper comprises graphic information besides making use of common 
databases. 
The databank has been developed in a PC environment and is based on 

commercially available software packages in order to facilitate the 
exchange of data with the mining industry and research institutions. 
The software combination found most suitable for the Swedish condi-
tions was the  CAD-program  Microstation coupled with DBaseIII Plus 
database (currently the new version DBaseIV). 

Another important aspect for the creation of such a databank is of 
an educational nature, as a guide for new mining engineers. It will 
provide a range of well documented case studies and may well be used 
for teaching. 

3. BRIEF DESCRIPTION OF THE SOFTWARE 

Microstation is a PC development of a larger  CAD-program  for more 
powerful work stations or mainframe environment. It is fully three 
dimensional and allows coupling of graphical elements to non-graphical 
database records. 
Graphical data can be input by digitizing existing drawings or by 

inputing the data directly from the keyboard, mouse or digitizing 
table. Drawings are stored with "real" dimensions and units, which 
allows measurements (lengths, areas, angles) to be performed directly 
without a need for unit transformations. Drawings can be output to 
the monitor or a plotter at any desired scale. Three dimensional 
objects can be rotated freely in space and isometric or perspective 
views can be created. Sections can be generated in any orientation 
and inclination for better viewing of the object. 

It is possible to develop customized application programs and to 
create object oriented  menues  to adapt the system to the specific 
interests of the user. During the past few years, several mining 
companies in Sweden have started using Microstation for mine planning, 
which made Microstation even more attractive for our purpose. 

1020 



B3 

DBase IV is the latest development of Ashton Tate on the line of 
database management programs. It is a leading database system in the 
world and it is generally accepted as a standard for exchange of data 
with other database programs. A wide variety of software for other 
purposes can retrieve data from the DBaseIV files. 

4. INFORMATION STORED IN THE DATABANK 

The use of computer based data aquisition systems allows for easy 
collection and withdrawal of information. However, this increases the 
risk of gathering large amounts of unnecessary information which would 
virtually eliminate the advantages provided by the system itself. A 
functional databank should include the minimum information required to 
give the user a complete information about the problem. It should 
also contain the data needed for its analysis at a certain prede-
termined level of ambition. 
Geometrical information has been stored as graphic files in 

Microstation. The geometry of a mine can be represented either as 
sets of two dimensional transverse profiles and horizontal mine plans 
as it has been done for hanging walls, or as three dimensional 
drawings based on existing mine sections. This last approach was used 
for storage of pillar case histories (Figure 1). 

Zincruvan 
Stop -e-  no 42 

Figure  1.  Sill pillar  in the  Zinkgruvan  mine. 
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Geology is then stored using the geometrical drawings as reference 
files, that is as a background. The geological information is 
retrieved from existing geological sections. If more detailed data is 
required, a study of drill hole logs would be necessary. The goal in 
the first stages of the databank development is to collect the 
information which is already available from reports and mine maps. 
Mining depths, damages, reinforcements and stability prognoses are 

also stored in a graphical mode in form of layers of information that 
can be laid on top of the geometric and geological maps. These layers 
may be related to specific times to represent the historical behaviour 
of the mining area. A good example is the progressive growth of the 
fractured area in the hanging wall of sublevel caving mines. 

Non-graphic information in the form of database files include 
geological descriptions, damage descriptions, measurements and rock 
mechanics parameters. The definition of the relevant parameters that 
will be part of the database is of utmost importance, since it will 
provide the information basis for subsequent analysis. 
Regarding rock mechanics parameters, the data stored should be 

sufficient for a classification of the rock mass by means of at least 
one of the main classification. systems. The Rock Mass Rating system 
has been chosen for this purpose due to the availability of adequate 
information, but the  Q-system  could have been used as well. Damage 
mapping has been stored for sites considered representative of the 
mine conditions. In a similar way, results from the most relevant 
measuring stations have been selected and stored in the databank.  

Figure 2. Structure of the databank. 
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Storage of measurements in the database allows retrieval of the data 
using other software for further analysis, for example graphic or 
statistical treatment of numerical information. 	Records in the 
database are coupled to individual graphical elements in the drawings. 
Several records can be coupled to the same element and vice versa. 
Graphic elements in different CAD files can be coupled to records in 
the same database. One graphic element can also be coupled to records 
in several databases (Figure 2). 

Information in the database can be retrieved directly from the 
graphic environment for review and editing, which means that the 
information is always available without delay. A report consisting of 
one or a group of database records coupled to graphic elements can be 
obtained by grouping the elements in the graphic environment. Figure 3 
shows an example of a geologic database record coupled to a geological 
unit in the graph. Records in the database are indexed and can be 
retrieved by pointing to the graphical element with the mouse or 
cursor. 

5 OBJECTS IN THE DATABANK 

The databank presently contains data from three types of objects; 
daylighting hanging walls in sublevel caving mines, hanging walls in 

underground open  stopes  and pillars. 
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For the first group, daylighting hanging walls using sublevel 
caving, data has been collected from Kiruna,  Malmberget  and  
Grängesberg.  They are all iron mines with large scale mining 
activities in which the stability of the hanging wall is of great 
importance due to the presence of populated areas on the hanging wall 
side. The information is rather comprehensive since fracture mapping 
and displacement measurements on the surface have been performed on a 
periodic basis for a relatively long time (15-20 years). 	Data from 
underground open  stopes  has been gathered from  Malmberget,  Dannemora  
and Björka mines. There is little information on the volume and the 
final contour of the open  stopes  due to the lack of access to the 
rooms and appropriate measuring methods. In some cases, production 
figures have been used to estimate the final volume of the rooms. 

Information about pillars has been collected from the Näsliden, 
Rävlidmyran,  Udden  and  Zinkgruvan  mines. In total, roughly 30 sill 
pillar cases have been stored in the databank. Mining history and 
geometry, reinforcement characteristics, results from damage mapping 
and to some extent stress and displacement measurements form the major 
part of the stored data. 

6 APPLICATIONS 

The information stored in the databank is a set of parameters and 
facts that represent the actual characteristics of the rock mass and 
the behaviour of the mine's construction elements due to mining 
activities. Raw data has been collected and interpretations have been 
avoided as much as possible. 

The databank will provide well documented information for stability 
analysis of hanging walls and pillars. Since the databank contains 
data from several mining areas, it provides an excellent basis on 
which to perform comparisons among the different objects. Relation-
ships can be developed for safer and more rational design techniques. 
This will in turn lead to improved methods of analysis. 

Within the ongoing projects at  Luleå  University of Technology, 
analysis of the collected data is also considered. Empirical 
relationships such as volume vs. strength and strength vs. ratio of 
mining depth to length for hanging walls are currently being studied. 
Geometrical information and rock mechanics parameters are being used 
for traditional stability analysis based on kinematics, such as limit 
equilibrium methods. More sophisticated methods will be employed at 
later stages of the project. Currently used pillar design formulae 
will be checked against actual data for the case histories in the 
databank. Measurements will be used to perform prognoses of future 
behaviour based on statistical methods. It will also serve for 
validation of analytical and numerical models. 
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ABSTRACT: The  Zinkgruvan  mine experiences instability problems in stope roofs and sill pillars. A 
research programme aiming at an improved design methodology for stope roofs and pillars is described. 
Important modes of failure are identified through detailed failure mapping, and documentation of local 
geology makes it passible to link failure modes to geology. Numerical models are used as an aid to 
better understanding of governing failure mechanisms. The computer programs UDEC and FLAC were 
chosen for constructing models able to reproduce observed modes of failure. Furthermore, stress levels 
at the onset of failure are calculated using the  MINSIM-D  program. Modelling results are then used to 
generate stress criteria for different modes of failure as well as guidelines for model choice and values 
on input data for more detailed numerical analysis. 

1 BACKGROUND AND SCOPE 

The largest zinc mine in Sweden is the  Zinkgruvan  mine, situated in south-central Sweden. It is run by 
Vieille Montagne Sweden and some 700 000 tons of zinc ore is produced annually. Although zinc is the 
most important ore metal, both lead and silver are recovered. The tabular and steeply dipping orebody 
of the  Nygruvan  part of the mine is mined over a distance of 1800 metres along strike. It consists of two 
ore lenses where only the high grade ore lens, with an average thickness of 7 metres, is mined today. 
The orebody has been explored down to 1300 metres depth. Mining has to date reached the 840 metre 
level, where level number also denotes depth below ground surface. 

Until recently, mechanized cut and fill mining was the major mining method but higher demands 
on productivity forced the mine management to consider new mining methods. These are primarily 
different forms of open stoping methods with or without subsequent backfilling. As stope dimensions 
and mining depth increased, stope instabilities became more and more frequent. At first, local stress-
controlled failures were noted, later followed by global sill pillar collapses. It became apparent that 
rock mechanics had to play a more dominant role in future mine planning. 

A long term rock mechancis programme was initiated, starting in 1987 with an inventory study of 
pillars in the mine  (Andersson,  1987), followed by a more detailed case study  (Sjöberg  & Tillman, 
1989). This work showed that more accurate methods for sill pillar design were nereszary, as well as 
better tools for adjusting layout and sequence with respect to variations in geology. Thus, a refined 
design methodology for pillars and stope roofs requires a better understanding of goveming failure 
mechanisms in the mine. 

The second part of the research programme, described in the current paper, is consequently focused 
on further studies of failure modes. The geological variations throughout the mine are investigated in 
detail and their implication on failure characteristics are anlayzed. Failure modes and geology then 
form the basis for input data to numerical modelling where identification of sutiable models is the most 
crucial step. This finally leads to simple and ready-to-use strength criteria and furthermore guidelines to 
more detailed numerical modelling where failure mechanisms are correctly represented. 
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2 FAILURE MODES AND GEOLOGY 

In this study, most of the data originates from field observations in open stoping mining. A typical 
mining layout is shown in Figure 1. Mining starts with the two drifts whereafter the bench between is 
mined out, retreating in one direction. Both the bench between the two drifts and the sill pillar can be 
regarded as pillar structures subjected to a horizontal load acting perpendicular to the length axis of the 
slope. In  stopes  where mining has not progressed to a sill pillar stage, only the bench can be treated as a 
pillar. Almost the same situation occur in an ordinary cut-and-fill stope in early mining stages. 
However, both the bench and the stope roof will experince instabilities and as mining progresses the 
stope roof will become a sill pillar. It can therefore be stated that there is a principal difference in 
geometry between the sill pillar, the bench and the stope roof but they all fall into the same category of 
pillar-related problem. Instabilities in stope walls may also be regarded as pillar-related since a failure 
close to the pillar can have a large impact on pillar behaviour as end constraints may be changed 
drastically. This implies that both stope and pillars must be studied during mining. 

C2 

Figure 1 Representative layout for open stoping mining (bench mining) in  Zinkgruvan  - longitudinal 
section. 

The work conducted is to a large extent based on field inspections and mapping. Measurements are 
limited to a few convergence mesurements and some stress monitoring using vibrating wire gauges. The 
latter are suitable for indicating when and where stress changes occur, but cannot be used to quantify 
stress level in a pillar with any degree of certainty. Despite the lack of quantitative measurement data, 
systematic field studies and careful mapping have made it possible to identify a number of failure 
modes. These can be divided into four groups depending on where in the mope they occur: 

Failure in footwall 
1. Footwall slabbing - fall-outs from  skam  zone 
2. Foundation failure in footwall 

Failure in hangingwall 
3. Block fall-outs from hangingwall 

Failure in the ore zone - stope roof 
4. Horizontal spalling in the ore 
5. Global pillar collapse 
6. Fall-outs  from weak zones in the ore 
7. Block fall-outs along intersecting joint planes in the ore 
8. Buckling of Mope roof and tension cracks 

Failure in the ore zone - stope floor 
9. Heaving of stope floor and tension cracks 
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As failure modes were detected it also became obvious that geology played an important role in 
whether one or another mode of failure would occur. The geomechanical environment in  Zinkgruvan  is 
characterized by brittle ore and host rock, both of high strength (Borg et al., 1984). The rock mass is 
fairly homogenous and massive with a low joint frequency, but with a natural bedding parellel to the 
ore dip. However, weaker zones of limestone and biotite layers occur in the ore zone and the footwall 
respectively. 

A thorough description of the regional geology of the  Zinkgruvan  mine  (Hedström  et al., 1989) 
shows that geology is very consistent and the same stratigraphy can be found throughout the mine. Even 
so, the failure observations show that small changes in mineral composition and strength properties can 
lead to totally different modes of failure. A more detailed documentation of geology from a rock 
mechanics point of view was conducted, with the aim to identify the geological features which 
determine strength variations in the rock mass. Five categories were found which all influence the rock 
mass strength and stiffness: 

1. Variations in footwall  skam  
2. Variations in ore width 
3. Occurrence of limestone beds in the ore zone 
4. Jointed rock in the ore zone 
5. Jointed hangingwall 

An example of the variations detected in one of these categories is shown in Figure 2. 

The different categories can be traced to different areas in the mine. Since all of them cannot occur 
irrespective of each other, the total number of possible combinations can be reduced to ten geological 
environments. Even more important is that these can be linked to the observed modes of failure, hence 
showing what failure modes can be expected in a specific geology. 

A good example is the footwall  skam,  which varies in composition but where the most important 
feature affecting the rock mass strength and deformability is the thin biotite layer in the  skam  zone. 
Footwall slabbing or fall-outs of large, 0.5 to 1.0 metre thick blocks occur when one thin layer is 
present. When failure has occured, a stable geometry is created. Footwall slabbing is very common but 
seldom leads to any serious damage or Ices of production. If more than one biotite layer occur or if the 
layers are substantially thicker, the strength and stiffness of the footwall is seduced and foundation 
failure may occur if stresses are high enough (Figure 3). This is fat more serious since the deformations 
are larger and progressive with increasing load. Foundation failure also has an impact on the pillar 
stability. 

The hangingwall is relatively stable with the exception of areas with more dominant jointing, where 
block fall-outs have been observed. Although such failures do not affect pillar behaviour, they are 
important since increasing stope heights increase the probability of failure. 

. 	 & 
8- 	 bb  

b  . 	Q., 	 e  ,j, ö 	ö  
'6 	,'S.  c E  -2 Z; ,,, Z; 

t' 42 8.z-  z  
i 	1 	 • z'  E  f  
g g 	 c3-  zu...12 

Figure 2 Occurrence of limestone beds in the ore zone. 
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The ore width varies between 2 and 25 metres over the mine, with an average of 7 metres for most of 
the  stopes.  A wider ore zone results in a larger stope span causing buckling of the roof. Roof buckling is 
rather unusaul as extremely large stope widths can only be found at a few locations in the mine. 

Horizontal spoiling is by far the most common failure mode in the mine. Thin slices, less than 0.3 
metres in thickness, split and fall out from the roof. Fracturing is limited to 0.5 to 0.75 metres height in 
the roof/pillar. The same phenomenon is widely observed in other mines and is directly related to high 
stresses acting parallel to the stope roof (Fairhurst & Cook, 1966). As the load on the stope roof/pillar is 
increased, spoiling will also increase in intensity. Spoiling occur more or less irrespective of geology, 
except in very blocky roofs where spoiling is replaced by block fall-outs along intersecting joint planes 
in the stope roof/pillar. 

Whenever a limestone bed is present in the ore zone, fall-outs occur from the limestone zone 
resulting in "churching", shown in Figure 4. The limestone is weak and soft in comparison to the ore 
and also exhibits non-linear elasticity and residual deformations when unloaded. "Churching" is 
common in areas with limestone beds and initiates early in the mining sequence. As mining progresses, 
spoiling starts to occur in combination with "churching". A further increase in stress level can produce a 
global pillar collapse where the pillar looses bearing capacity and passes into the post-failure stage. In 
those cases where global pillar failure has occurred, mining has become impossible causing large imsrs 
in production. 

PILLAR  

 

STORE 

 

Figure 3 Foundation failure occur when several biotite layers or thick biotite lenses are present in 
the footwall  skarn. 

0 
ROOF 

•••• 	--:  

STOPE 	 STORE 

Figure 4  Fall-outs  from weak limstone beds in the ore zone. 
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The last of the failure modes, heaving of the stope floor together with the formation of tension cracks, 
has also been observed in areas where limestone beds occur in the ore zone. However, heaving is only 

noted in very late mining stages where the pillar load is extremely high, thereby causing it to bulge. 

Heaving and susequent tensile fracturing is in that sense a secondary mode of failure, being a part of the 
same mechanism as fall-outs from limestone beds and global pillar collapses. 

3 STRESS LEVELS AT FAILURE 

Once failure modes were identified and linked to certain geological environments, establishment of 

corresponding criteria was the next step. A simple way of obtaining a strength criterion, thereby 

enabling a crude prediction of future mining conditions to be made, is to calculate stress levels at the 
onset of failure. Using a linear elastic model this is a rather simple and fast excercise which 

immediately yields criteria applicable in mine planning. Furthermore, it provides important background 

and input to more complex models. 
In late mining stages, the major principal stress is horizontal and directed perpendicular to the 

orebody. This stress increases rapidly with increasing extraction ratio and is therefore the most 
important stress parameter in the analysis. Since most of the mining takes place in bench mining  stopes,  
we must choose a modelling tool suitable for this geometry. There are a few so called "anti-plane" 
models available today which meet these requirements. They are all based on the displacement 
discontinuity method (Crouch & Starfield, 1983) where the orebody is assumed to be comparatively 
thin in one direction and fairly extensive in the other two. Boundary stresses are applied in all three 
coordinate directions which makes the method "semi"-three dimensional. 

In this project, the computer program  MINSIM-D  (Napier & Stephansen. 1987) has been chosen for 
the stress analysis. This part of the work only included linear elastic analyses. For each specific stone, 
the slope width has been set to an average value. The backfill used in  Zinkgruvan  is deslimed mill 
tailings which has limited load carrying capacity. Since only stress levels were considered, it was not 

necessary to include backfill in the model. Rock properties were chosen as: E=75 GPa, u=0.25. The 

initial boundary stresses were determined earlier  (Sjöberg  & Tillman, 1989) but wherever possible, 
calibration and check-up against earlier overooring stress measurements in stops roofs (Borg et al., 
1984) was carried out. In stones where no stress measurements had been made, rock stress values from 
nearby  stopes  were used. 

Four different  stopes  from different areas of the mine, all exhibiting various forms of instabilities, 
were analyzed for a number of mining steps. This made it possible to obtain values of both pointwise 
stresses near an observed failure and average stresses across a pillar structure for some of the identified 
failure modes. An example of calculated stress levels is shown in Figure S. 

Figures Horizontal stresses acting perpendicular to the orebody calculated using the  MINSIM-D  
computer program (left) and stress distribution in sill pillar and bench in stops no 42 at the 
final stage of mining (right). 
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For some of the failure modes there are very few observations available which limit the number of 
cases where stress levels could be determined. In other cases there is a relatively large scatter in calcu-
lated stresses for one specific mode of failure. Despite these obstacles it is possible to extract a set of 
stress values at which failure initiates as shown in Table 1. 
The strength criterion used  to-date  for spalling in unconfined rock is:  cri =  80 + 5 MPa (03  = 0). This 

criterion is well-proven and useful for design purposes. The results shown above for horizontal spaLling 
agrees fairly well with this criterion, but more important is that there is a distinct difference in stress 
level between different modes of failure. This implies a strong sequence in which failure will occur, so 
that in one geological environment, several modes of failure can occur one after another. Once the local 
geology of a stope is known, these stress criteria can tell us when to expect a certain mode of failure. 
This is valid for stops roof geometries since the rock is more or less unconfined close to an excavation. 

For global pillar failures, stresses at failure irrespective of local geology in the stops, have been 
calculated. To assess the pillar stability it is also necessary to take into account pillar shape since a 
wider pillar will be subjected to more confinement, hence strengthening it substantially. The average 
pillar stress has proven to be a useful design parameter, and it has been used with some success for 
predicting sill pillar widths in other Swedish mines  (Nyström,  1988). Figure 6 shows the average pillar 
stress versus the width-to-height ratio for both global pillar collapses and pillars still in pre-failure, but 
subjected to severe spalling. 

Table 1 Calculated stress levels in pillars and stops roofs at onset of failure. 

Failure mode 	 Average pillar stress 	Horizontal stress at location of failure 
f MPa 1 	 risiPa]  

Fall-outs  from limestone 	 64 	 45 
bed in ore zone 

Foundation failure in 	 63 	 67 
biotite-rich footwall 

Horizontal spalling in 	 79 	 106 
Ore zone 

Severe spalling but no 	 84 	 106 
pillar collapse 

Global pillar collapse 	 97 	 130 

0 	  
00 	0.5 	1.0 	1.5 	2.0 

WIDTH -  TO -  HEIGHT RATIO(*) 

Figure 6 Calculalatecl average pillar stress versus pillar width-to-height ratio. 
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A line can be fitted to the data in Figure 6, yielding the following equation: 

o =58 + 16 —
w 

(1) 
H  

This can be rewritten on linear form as: 

a = 74(0.78 + 0.22 —
w

) 	(2) H P  

where a = global pillar strength in MPa 

W = pillar width  
H  = pillar heigth [m] 

This is only an approximate criterion, in which all the pillars are assumed to have the same 
geomechanical characteristics. It does not take into account strength variations in the ore or the host 
rock. For this reason it should be used with caution and only as a first estimate of pillar strength. 

4 MODEL IDENTIFICATION 

A more refined way of designing pillars requires a better understanding of failure mechanisms. Numeri-
cal modelling can be used to simulate the observed modes of failure and thus help in identifying failure 
mechanisms. This also provides the necessary data for producing guidelines for numerical modelling of 
a specific failure mode. As we learned earlier, not all of the failure modes can be regarded equally 
important from a mine planning point of view. Instabilities which can be solved with systematic support 
or smooth blasting are not ner-esary to model. In some (-Ages the mechanisms are already known to a 
large extent, as in the case where failure is governed by intersecting joint planes. The numerical 
modelling has therefore been limited to the following failure modes: 

1. Horizontal spoiling 
2. Foundation failure in the footwall 
3. Failure of the limestone beds in the ore zone 
4. Global pillar collapse 

Being the most common failure mode it is of course important to study horizontal spalling. However, 
experience show that a simple stress level criterion, once calibrated, gives satisfactory results when pre-
dicting future failures. Furthermore, there are no numerical codes available today which can simulate 
crack propagation in an intact material which is why a true representation of the mechanism behind 
spoiling cannot be obtained. Spalling still remains a problem for the mine and the solution probably lies 
in basic understanding of the mechanisms rather than developing more models for prediction. 

For the other three modes of failure, model identification started by recognizing the geological fea-
tures which should be included in each model. The finite difference code FLAC (Cundall, 1976) and 
distinct element code UDEC (Cundall, 1971), both two-dimensional programs, were chosen for the 
analysis. Models were kept small in size, thereby limiting run time, and fill was not included in any of 
the models. Input boundary stresses were assumed constant over the model and according to the stress 
analysis described above. 

Once the basic characteristics of the computer model which was believed to give a correct represen-
tation of failure mode were established, the model was calibrated. Due to the lack of measurements, 
calibration of models is done against detailed observations, rather than measured quantities. Models are 
in this respect more qualitative and should be interpreted as such. A correct representation of mecha-
nisms and shape of failure is more essential than calculating exact values of displacements or stresses. 
To help to establish parameter values, rock mass classification was used in conjunction with the Hoek-
Brown failure criterion (Hoek & Brown, 1988) to estimate material properties for the geological fea-
tures included. Test runs were performed to outline a range of strength parameters which produce fail-
ure in the model. 
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The weak limestone bed in the ore zone is simulated in a UDEC-model as a 0_5 to 1.0 wide zone 
containing small blocks. The limestone is weak in relation to the brittle and high-strength ore and has 
therefore been modelled as small elastic blocks separated by joints obyeing a Mohr-Coulomb 
constitutive relationship. This permits movements of the blocks within the limestone as well as 
separation which provides a good representation of progressive failure. The ore zone is modelled as an 
elastic material intersected by randomly oriented joints with a fairly high strength (Figure 7). Thus, the 
difference in strength between the limestone bed and the ore is maintained, but failure is allowed to 
seek its own path in the rock mass. The hangingwall and the footwall are modelled as homogenous 
linearly elastic materials. 
Failure in the model starts to occur when the friction angle of the joints is less than 20-25.. This leads 
to large displacements in the limestone (Figure 8) and shear movements along the contacts between the 
ore and the limestone. Block displacements and joint separations are also induced in the surrounding 
ore together with subsequent destressing of the blocks. For higher values an friction angle, failure does 
not progress, but when friction angles are lower than about 25*  progressive failure develops, involving 
larger and larger volumes of the stope roof/pillar. Hence, a global pillar collapse may develop from 
local failure and fall-outs from the weak limestone beds, provided that the strength of the weak zone is 
low enough and stresses high enough.  
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Figure 7 Model geometry for UDEC-model representing failure of limestone bed in the ore. 

Figure 8 Calculated displacements in the stops roof due to failure of the limestone bed. 
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Foundation failure occurs in biotite-rich  skam  zones, where the biotite reduces both strength and stiff-
ness of the footwall. This has been simulated in a FLAC-model in which the weak steam zone is 
modelled as a ubiquitois joint material. This is an anisotropic material where the intact material is 
intersected by numerous joints. The intact elasto-plastic material represents the strong  skam,  while the 
joints, which are parallel to the footwall, can be said to represent the thin biotite layers. Both the 
hangingwall and the °rezone are modelled as linearly elastic materials. 

In order to produce foundation failure or "punching", cohesion values both for the ubiquitois joints 
and the intact material must be low, in the range 0 - 2 MPa. Friction angles for the intact material must 

be set to 150  and for the joints approximately 10°. Punching is also sensitive to the width of the  skam  
zone and the extent of the weak zone on each side of the pillar. A wider and longer skarn-biotite zone 
results in more pronounced punching failure and larger displacements. An increase in stress level does 
not alter the basic mechanism of failure, but displacements are increased. 

High stresses caused by high extraction ratios is the major factor governing the onset of failure. This 
can be stated more or less regardless of failure mode, but the varying geological features control how 
failure will develop. The mechanisms of failure are the same whether we are dealing with a slope 
geometry or a pillar geometry. Howver, in a pillar geometry, development of failure can more readily 
lead to a global collapse. Support can probably arrest some of the instabilities but this has to be studied 
in more detail. These models will also be used for more detailed modelling of a specific stops where 
several instabilities have been observed and carefully mapped. This will give insight into how failure 
sequences develop and also to some extent verify the proposed models against a well documented case. 

5 SUMMARY AND CONCLUSIONS 

To summarize, the current study has yielded: 

1. Detailed knowledge of existing failure modes in  stopes  and pillars. 
2. Knowledge of the variations in local geology and their implications on stops and pillar behaviour. 
3. An increased understanding of fundamental failure mechanisms. 
4. Simple and ready-to-use stress level criteria for different modes of failure. 
5. Modelling procedures for representing differet modes of failure in a numerical analysis. 

The need to identify geological variations has been emphasized. However, it proves to be difficult to 
recognize the sometimes very small strength variations which can initiate failure. The relationship 
between gelogical environment and expected failure mode is unfortunately not precise enough to be 
used alone as a design tool. When combining these with the stress level criteria derived in this paper, 
resolution is enhcanced. Despite their simplicity, simple stress criteria have proven to be and will 
probably continue to be one of the most important tools for the rock mechanics engineer and the mine 
planner. Still, if rock mass properties vary within a certain geological environment, several alternative 
scenarios may have to be investigated when analyzing the stability of a stops. This is one reason why 
models which can represent different failure modes also must be utilized in the design process. 

While the current paper outline the essential steps in a new design methodology for stope roofs and 
pillars, it is also important to point out that a complete design tool is not available yet. The future work 
will be concentrated on filling in the blanks in the proposed methodology. This includes more work on 
fundamental failure mechanisms, generating guidelines for modelling and applying the results to sup-
port selection or other means of preventing and reducing failure. As a way of presenting the results in 
an easily read and understandable form, a "picture book" for pillar design will be compiled. Geological 
environments and the corresponding failure modes to be expected, will be pictured together with simple 
strength criteria and suggestions for detailed modelling. The "picture book" will contain information 
from several Swedish mines and the present work referring to  Zinkgruvan  forms an important 
contribution. Although site-specific, the work described in this paper follows a methodology that is 
more generally applicable. 
In order to verify a proposed design methodology it is important to increase the amount of quantitative 
information. A monitoring programme is being implemented in an open sloping area with large slope 
heights in  Zinkgruvan.  Stresses and displacements will be measured in sill pillars and around the stops 
during mining. This will enable determination of the overall rock mass behaviour during all stages of 
loading. 
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DESIGN METHODS FOR  STOPES  AND SILL PILLARS WITH 

APPLICATION TO THE  ZINKGRUVAN  MINE, CENTRAL SWEDEN 

By 

Jonny  Sjöberg  

Division of Rock Mechanics,  Luleå  University of Technology 

Summary 

Design of pillars in cut-and-fill mining and open stoping in vertical and sub-vertical orebodies is of vital 
importance to optimize mining operations. The prime requirement for a good and reliable design technique 
is the ability to represent actual physical behaviour of the pillar. In this paper, a new methodology for stope 
roof and sill pillar design is proposed, with application to the  Zinkgruvan  Mine in Sweden. Studies of failure 
modes, local geology and rock mass characteristics were carried out to correlate failure modes to different 
geomechanical environments. For preliminary design in early planning stages, crude and ready-to-use stress 
level criteria have been extracted from simple linear elastic modelling. More detailed modelling is used to 
simulate the observed failures in a mechanically correct way and at the same time to help in identify the 
fundamental failure mechanisms. Once the correct models and input parameters were identified, a set of 
guidelines on choice of model and parameter values were produced. The models could be used for design of 
new mining areas. This methodology could also be applied to other mines with similar geomechanical 
conditions. 

1. INTRODUCTION 

1.1 	Pillars in mining 

Underground mining almost invariably involves leaving portions of the ore as pillars. In 

some cases, the pillars can be low-grade ore not profitable to mine, but more often pillars 

are used as support elements, since the geomechanical conditions very seldom permit com-

plete extraction of an orebody. Consequently, design of pillars is extremely important in 

order to optimize mining operations. Furthermore, improved pillar design can directly be 

measured in terms of revenue. Oversized pillars represent potential ore losses and under-

sized pillars may fail and lead to serious damage and loss of production from one or several  

stopes.  
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This is true for most mining methods, both worldwide and in Sweden. The types of pillars 

encountered in Swedish hard rock mines are basically of two kinds - ordinary vertical 

pillars in room-and-pillar mining and horizontal pillars in cut-and-fill mining and open 

stoping. The main difference between these two categories is the orientation of the pillars, 

enabling them to carry primarily vertical or horizontal loads, respectively. In addition to 

this, pillars are also to some extent used in the large caving mines in Northern Sweden. 

The most common of these categories of pillars are definitely the horizontal ones. Among 

Swedish mining companies which extract precious metals such as gold, silver, copper and 

zinc, the dominating underground mining method has been and still is, mechanized cut-and-

fill mining. This is due to the geometry of most of the orebodies, which is tabular and 

nearly vertical. The wide variability in ground conditions and the fairly high ore value 

permits the use of this quite expensive cut-and-fill method. Besides cut-and-fill mining, new 

types of open stoping with moderate stope heights and subsequent backfilling are being 

introduced. 

Both these methods are more or less dependent on pillars being stable throughout the min-

ing operation. Since there are many mines utilizing cut-and-fill and open stoping, there is 

also a large need for reliable design of horizontal pillar structures. This study is focused on 

the stability and design of horizontal types of pillars found in cut-and-fill and open stope 

mining. Vertical pillars or pillars in other mining methods are not considered. 

The most important and most common pillar type in cut-and-fill mining is the sill pillar. Sill 

pillars are left as one stope is being mined out towards an upper backfilled stope, as shown 

in Figure 1. Closely related to sill pillars are the stope roofs, which represent another poten-

tial area of instability, even in early mining stages. As mining progresses up-dip, the stope 

roof is gradually transformed into a sill pillar. Clearly, there are many similarities between a 

stope roof and a sill pillar, and for completeness, they should both be included in the design 

process. Similar pillars exist in open stoping methods along with one other important pillar 

type. When mining with low stope heights, utilizing drilling, blasting and mucking from 

sublevel drifts, the bench between these drifts can also be regarded as a pillar, according to 

Figure 1. 
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Figure 1. Three types of pillar structures in cut-and-fill and open stope mining - stope roofs 

(left), sill pillars (middle) and benches (right). 

1.2 	Current status of pillar design 

Although significant progress in pillar design has been achieved during the years, there is 

still the need for major improvement, especially in hard rock environments such as encoun-

tered in Swedish mines. The bulk knowledge concerning pillar design has been gathered 

from experience in room-and-pillar mining, particularly in coal mines. Pillar design has 

typically been performed using empirical pillar formulas, relating bearing capacity to geo-

metrical- and strength factors, combined with local experience. Extensive reviews of pillar 

formulas have been given by, among others,  Hustrulid  (1976), Bieniawski (1981) and Logie 

and Matheson (1982). There are several problems associated with using pillar formulas for 

design, one being to determine values for parameters in the equations. In large mines with 

many pillars, statistical methods and curve-fitting can be applied, but results are highly site 

specific. Furthermore, an empirical relation does not address the actual physical behaviour 

of a pillar and hence, cannot represent local pillar failure or gradual disintegration to com-

plete collapse. 

In order to overcome some of these difficulties, analytical models of pillar behaviour have 

been developed. One of the first, and perhaps the most significant, was presented by Wilson 

(1972, 1983), who introduced the concept of a highly loaded pillar consisting of an intact, 

elastic core surrounded by yielded zones. The yield zones have a limited load carrying ca-

pacity, but still provide confinement to the inner core, hence strengthening it substantially. 
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The idea of a confined pillar core has been widely adapted and used in coal mining (Mark et 

al., 1988 and Carr, 1992). However,  Wilsons  design equations are not easily transferred to 

other mining areas and other geomechanical environments, which restricts the practical 

applicability of the method. 

The literature on design of sill and crown pillars in cut-and-fill and open stope mining is far 

more limited. Empirical pillar formulas have been applied to the design of sill pillars in a 

few cases with some success (deJongh, 1981; Kersten, 1984). Another approach has been 

taken by Potvin et al (1989) by studying horizontal pillars in Canadian mines and establish-

ing a graphical relationship to use for design. These methods suffer the same drawbacks as 

empirical methods for design of vertical pillars, but even more pronounced since there are 

fewer cases available for determining the critical parameters. In addition, there has been 

virtually no work on developing design methods for horizontal pillars based on mechanical 

models of pillar behaviour, similar to what has been done for vertical coal pillars. 

If we should be able to use the existing design methods and apply those to the design of sill 

pillars, it is essential that they represent a geomechanical environment similar to ours, or 

that at least the conditions for which they are valid are described carefully, along with the 

documentation of the observed modes of failure in the pillars. Only under these conditions 

is it possible to assess what is directly useful, and in what ways a design method might have 

to be modified. Unfortunately, these requirements are poorly fulfilled in much of the litera-

ture. Detailed descriptions of rock damage and failure modes are particularly scarce. There 

are exceptions, again from the coal mining industry (Jacobi, 1976), but apart from the ap-

proach in general, the results and the methods are not applicable to hard rock conditions. 

To summarize, it can be concluded that although there is a considerable amount of knowl-

edge available on pillar design in mining, only a fraction is actually applicable to the design 

of sill pillars and stope roofs in hard rock mines in Sweden. This lack of accurate and reli-

able design techniques calls for new developments. The prime requirement for better design 

methods is that they must be based on a mechanistic understanding of the pillar behaviour. 

Wilson's hypothesis is a good example of this for some specific coal mines. In more general 

terms, it appears that the mining environment must be quantified to the extent that relevant 

models can be developed. This emphasizes the need for better field documentation and 

mapping techniques, especially for failure modes. 
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At the same time, we can make use of increased computer capacity and more sophisticated 

tools for numerical analysis now available. These can be used in a new manner, not only to 

calculate stresses and strains in and around pillars, but also to simulate the failure process in 

a pillar. Computer models can help in identifying the governing failure mechanisms, hence 

rendering a better conceptual understanding of pillar behaviour. In this case, numerical 

models merely provide a tool to arrive at a better design methodology based on increased 

understanding. They do not necessarily have to be used in the actual design if, during the 

process, simple design rules and criteria can be derived for each specific case. After all, the 

aim is to provide the mine with useful design parameters for pillars. 

An attempt to improve the current design techniques along these lines, has been carried out 

with special emphasis on the  Zinkgruvan  Mine in Sweden:  A description of the mining 

conditions and the stability problems in the mine is given in the following section. 

13 	The  Zinkgruvan  Mine 

The  Zinkgruvan  mine is situated in the south-central part of Sweden. With its annual pro-

duction of 700 000 tons of ore, it is the largest zinc mine in Sweden. The mine is operated 

by Vieille Montagne Sweden and besides zinc, both lead and silver are recovered. The  

Nygruvan  orebody of the mine accounts for the major part of the production. The tabular 

and steeply dipping orebody (Figures 2 and 3) consists of two ore lenses of which only the 

high grade lens is mined today. 

Figure 2. Schematic view over the  Nygruvan  orebody,  Zinkgruvan  Mine, showing the 400, 
500 and 650 meter levels. 
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Figure 3. Vertical longitudinal section showing present mining. 

The orebody averages 7 meters in thickness and is mined over a distance of 1800 meters 

along strike. It has been explored down to 1300 meters depth, and mining has today reached 

the 840 meter level, where level number also denotes depth below ground surface. The 

distance between sublevels has been 50 meters down to level 500, and 150 meters below 

level 500 (Figure 3). 

The major mining method has been mechanized cut-and-fill mining, but higher demands on 

productivity has forced the mine management to consider new mining methods. These are 

primarily different forms of open stoping, with or without subsequent backfilling. The geo-

mechanical conditions at the mine can be characterized as stiff, high-strength ore with low 

joint frequency, surrounded by host rock with similar properties. However, weaker zones 

occur irregularly both in the ore and along the footwall contact. Virgin rock stresses are 

high with the horizontal stresses in excess of the vertical stresses by a factor of approxi-

mately two to three. An increase in mining depth, implying higher rock stresses, along with 

the presence of weaker zones has resulted in an increasing rate of stability problems in and 

around the  stopes.  These are mainly local stress-controlled failures, but during the last few 

years, more extensive failure have occurred, including major pillar instabilities and col-

lapses. Both stope roofs and sill pillars, as well as benches in open stoping have been 

subject to these instabilities. 

Earlier rock mechanics investigations in the mine include a stability prognosis by Borg et al 

(1984). More recently, an inventory study of pillar stability was conducted by  Andersson  
(1987), followed by a detailed case study by  Sjöberg  and Tillman (1990). Some guidelines 

on design were given but more importantly, it became clear that more accurate methods for 

design were required, as well as better tools for adjusting mining layout and sequence in 

accordance with variations in geology. 
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2. 	METHODOLOGY FOR STOPE ROOF AND SILL PILLAR DESIGN 

In order to combat with the stability problems in the  Zinkgruvan  Mine, a new methodology 

for design of stope roofs and sill pillars has been developed. This methodology is better able 

to account for ground behaviour, particularly variations in geomechanical characteristics 

and their influence on pillar and stope stability. Furthermore, different loading conditions 

are considered, and both simple design criteria and more elaborate and detailed guidelines 

for modelling were established. 

The developed methodology can be divided into several different stages, as listed below. 

1. Investigate stope and sill pillar stability. 

Document geometry, mining sequence and failure modes. 

2. Study and document variations in local geology. 

Correlate local geology to observed failure modes. 

3. Develop tools for analysis of base cases. 

- Simple stress analysis 	=> Crude and ready-to-use criteria for onset of 

failure. 

- Modelling of failure modes => Models which reproduce observed failure. 

Identified failure mechanisms. 

4. Establish guidelines for numerical modelling and choice of input parameters. 

First, detailed studies of geometry, mining sequence and existing failure modes in the mine 

were carried out. This included stope roofs, sill pillars and benches. Stope walls were also 

mapped since their behaviour can have a large influence on pillar stability. This was fol-

lowed by a study of the geological variations, important from a rock mechanics point of 

view. Correlation between local geology and observed failure modes then formed the basis 

for new design guidelines, with correct representation of rock mass behaviour. 

The third stage in the process was to develop tools for analyzing the different base cases and 

extracting design rules. Here we can distinguish between two, essentially different ap-

proaches. The first approach was to use simplified numerical models which yielded approx-

imate, but easy-to-use failure criteria. The other approach involved more complex models 

which could better reproduce the observed modes of failure and account for variations in 

material characteristics of the rock mass. These models require more input data but can in 
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return give a significantly better understanding of the failure process. Post-failure behaviour 

can also be simulated, as well as effects of reinforcement, two important factors, especially 

in view of expected mining conditions at depth. 

The numerical analysis can assist in identifying the mechanisms that govern failure. At the 

same time, the process of choosing a model and calibrating it against observed failure 

mode, provides a tool which can be used when designing new mining areas with similar 

conditions. Consequently, the last step in the design methodology involved establishing 

guidelines for numerical modelling and choice of input parameters for future work. 

Each separate step requires different methods and data. The field documentation involved 

mapping of failure modes, borehole viewing, rock mass classification and geological map-

ping. Unfortunately, there were very few measurement data available, apart from rock stress 

measurements which were of good quality. The information gathered was stored in a com-

puterized databank, consisting of a  CAD-program  for storing graphical data and a database 

program in which text based information is stored (Herdocia et al., 1990). Large amounts of 

data can be stored at one place and can easily be retrieved, and new data can be added suc-

cessively. The databank also facilitates data interpretation. 

For the analysis part, several computer programs have been used. Linear elastic stress anal-

yses were performed using the boundary element program  MINSIM-D  (Napier and 

Stephansen, 1987), while modelling of failure modes and variations in geology were carried 

out with the finite difference and distinct element codes FLAC and UDEC, respectively 

(Cundall, 1971, 1976).  MINSIM-D  is a quasi-three dimensional program in which the ore-

body is assumed to be comparatively thin in one direction and fairly extensive in the other 

two. Stresses can be applied in all three coordinate directions and both the ore and the sur-

rounding rock are simulated as linear elastic materials. This makes  MINSIM-D  a good 

choice for stress analysis in a sub-vertical and tabular orebody like the  Zinkgruvan  Mine. 

FLAC and UDEC are both two-dimensional computer programs and can model linear elas-

tic, plastic and anisotropic materials. Since UDEC is a distinct element code, it has the abil-

ity to model numerous joints while only small numbers of discontinuites can be included in 

FLAC. These two programs are well suited to simulate even very complex failure mecha-

nisms in the rock mass. 
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In summary, the outlined methodology does not consist of one single formula or model 

which can be used exclusively, but rather a set of design criteria and numerical tools for dif-

ferent situations. This strategy complies with the current needs for better design methods in  

Zinkgruvan,  and is applicable regardless of mining method. Although the actual design still 

has to be carried out, it provides the rock mechanics engineer with the tools to do so. The 

methodology also addresses some of the apparent shortcomings in design of sill pillars in 

general. This makes it applicable to other Swedish mines with similar geological environ-

ments, although modifications of the specific design criteria obviously have to be done. In 

the following, the methodology is described in more detail and illustrated with example 

applications from the  Zinkgruvan  mine. 

3. 	GEOLOGY AND FAILURE MODES 

The geology of the  Zinkgruvan  Mine is very consistent and nearly the same stratigraphy can 

be found throughout the mine  (Hedström  et al., 1989). Still, a detailed study of the local 

geology reveals that even small differencies in strength and mineral composition can dras-

tically affect failure modes. Thus, a number of geological base cases, important from a rock 

mechanics point of view, can be identified  (Sjöberg,  1992). The identified modes of failure 

can then be linked to the geological variations in the mine in a systematic manner, as shown 

in Table 1. 
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Table 1. Failure modes as a function of variations in local geology. 

GEOLOGICAL BASE 
CASES (codes explained 
below the table) 
Ore  width 	 M1 M1 M2 M2 M2 M2 M2 M3 M3  
Limestone  beds 	Kl Kl  K2 K2 K2 K2  K3  Kl  K2  
Footwall  skarn 	Ll  L2 L4 L3 L2 L2 L2 L4 L4  
Blocky  rock in ore 	Bl Bl Bl Bl Bl  B2  Bl Bl Bl  
Jointed hanging  wall  
FAILURE  MODES 
Fall-outs  from  skam  zone 	x 	x 	x 	x 	? 	x 	x 	x  
Foundation failure in 	 x 	 ? 
footwall 
Block fall-outs from 
hangingwall 
Horizontal spalling in the 	x 	x 	x 	x 	x 	? 	x 	x 	x  
roof 
Spalling and major roof 	 x 	x 	x 	x 	? 	x  
failures  
Fall-outs  from weak zones 	 x 	x 	x 	? 	x 	x  
in the ore 
Block fall-outs along joint 	 x  
planes in the ore 
Global pillar failure 	 x 	x 	x 	x 	? 	x  
Heaving of stope floor 	 ? 	x 	x 	x 	? 
Bending of stope roof 	x 

H2  

x  

MI - wide ore, one leptite zone, M2 - average width ore, one leptite zone, 
M3 - average width ore, two leptite zones.  
Kl  - no limestone bed, K2 - one limestone bed in the ore, K3 - two limestone beds in the ore 
Li - no  skam  in the footwall, L2 -  skam  zone with single biotite layer, L3 -  skamzone  with multiple biotite 

layers, L4 -  skarnszone  with single biotite layer and limestone in the ore contact  
BI  - no joints in the ore, B2 - blocky rock, distinct jointing of the ore  
Hl  - no joints in the hangingwall, H2 - distinct jointing of the hangingwall  

x  - observed failure mode 
? - failure mode likely to occur, but not observed 

To be able to model a specific failure mode, it is necessary to quantify the mechanical prop-

erties of the rock mass. Since there are few laboratory tests available, these have been com-

plemented with estimates based on rock mass classifications to arrive at the values in Table 

2. 
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Table 2. Strength and stiffness for different geological units. 

1-3m 

STRENGTH 	STIFFNESS GEOLOGICAL UNIT 
Intact material 
Compact ore 
Disseminated ore 
Leptite (rhyolite) 
Limestone  
Skarn  
Biotite 
Contacts 
Ore-leptite 
Ore-skarn  
Ore-limestone 
Skarn-biotite  

Compressive strength 
226 MPa 
215 MPa 
263 MPa 

Low 
244 MPa 
Very low  

Cohesion and friction 
High 
High 
Low 

Very low 

Young's modulus 
79 GPa 
79 GPa 
86 GPa 
53 GPa 
High 
Low 

Joints 
	

Cohesion and friction 
In the ore zone 
	

Low 
In the hangingwall 
	

Low 

The most common failure mode is spalling in the ore zone, where thin slices split and fall 

out from the stope roof (Figure 4). Spalling occurs more or less irrespective of geology. 

Another form of roof instability, fall-outs from weak zones, is largely governed by the 

presence of weak limestone beds in the ore zone, as shown in Figure 5. These two failure 

modes can also develop into larger roof failures and global pillar collapses if stresses in-

crease. Among the failure modes in the stope walls, the largest impact on pillar and stope 

stability definitely arises from foundation failure in the footwall, caused by the presence of 

thin, low-friction biotite layers within the  skarn  zone. 

	/  
PILLAR  

— 
	 t0.2 -0.5 m 

STOPE 
S TOPE 

Figure 4. Spalling in the stope roof - local failure (left) and global failure (right). 
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TOPE / 	 STOPE  

40  co ir“ri 
ROOF 

Figure 5.  Fall-outs  and "churching" of the stope roof as a result of weak limestone beds 

present in the ore zone. 

	

4. 	NUMERICAL MODELLING AND FAILURE MECHANISMS 

	

4.1 	Strategies for modelling 

The correlation between failure modes and variations in geology allows prediction of the 

type of failure to be expected in a certain stope. It does not, however, indicate when failure 

will occur. The easiest way to obtain such a relation is to use simple linear elastic numerical 

modelling and calculate stresses corresponding to observed failures. This was done using 

the  MINSIM-D  displacement discontinuity program for some of the failure modes observed 

in  Zinkgruvan (Sjöberg,  1992), which automatically yielded some crude but useful criteria 

for design, presented in section 5. 

Still, this type of analysis does not provide any information on the development of failure in 

the rock mass, nor does it take into account different materials with varying properties. 

Since these factors have proven to be important, there is a need for models which can take 

these into consideration. This would also impart a better understanding of the failure mech-
anisms in the rock mass. While a failure criterion is merely a way to calculate when failure 

will occur, a failure mechanism attempts to describe the process behind the failure. To be 
useful, a failure criterion should be based on the correct mechanism for failure. This has 

been touched upon earlier but needs to be emphasized, since current design equations are 

rather poor in this aspect. 



D13 

Failure mechanisms are seldom evident and hence need to be identified. In many cases this 

can be done from observations complemented by literature surveys, knowledge of the ma-

terial characteristics and past experience. If measurements are available they provide valu-

able additional information. Furthermore, more detailed numerical modelling can actually 

help in identifying the mechanisms. The process of selecting suitable models and determin-

ing input parameters both requires and develops a good understanding of the governing 

mechanisms. When a suitable model has been identified for a specific failure mode and 

geological environment, it can also be used for analysis of similar cases. Consequently, the 

identification of models and mechanisms also enable us to establish guidelines for future 

modelling. 

4.2 	Identification of numerical models and failure mechanisms 

Each model must address the key features that characterize the separate combinations of 

failure mode and geology. Since there are very few measurement data available in  Zink-

gruvan,  the models must be based on, and calibrated against, visual field observations. Cali-

bration requires many test runs and care must be taken when selecting the most suitable 

model and parameter values. A suitable model is said to be found when it reproduces the 

displacement pattern for a specific failure mode, with reasonable values on the material 

properties. This involves a considerable amount of judgement and in order to be more 

quantiative, the values in Table 2, and rock mass classification, were used in conjunction 

with the Hoek-Brown failure criterion (Hoek and Brown, 1988) to develop initial estimates 

for the input parameters. A similar procedure for modelling rock mass failure in under-

ground mines has been used by Board et al (1992). 

In the  Zinkgruvan  case, not all the observed modes of failure have been analyzed with 

numerical models. On the basis of impact on mining, the following four failure modes were 

selected: 

- foundation failure in the footwall 

- spalling in the roof 

- fall-outs from limestone beds in the ore zone 

- global roof and pillar failure. 
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Foundation failure 

Foundation or "punching" failure in the footwall was analyzed using a FLAC-model where 

the footwall  skarn  zone is modelled as an elasto-plastic and anisotropic material using a 

"ubiquitous joint"-model (Figure 6). In this material model, the intact material represents 

the fairly competent  skam,  while the joints, parallel to the ore dip, represent the low-friction 

biotite layers. Both the joints and the intact material obey the Mohr-Coulomb constitutive 

relationship. The ore, the hangingwall and the remaining footwall were modelled as linear 

elastic materials.  

4 	4 	3. 10 4 MPa 	3. 	4, 

E 

CD 

SKARN /BIOTITE ZONE 
89m 

Figure 6. Model geometry for FLAC-model simulating foundation failure in the footwall. 

As can be seen, the model was kept quite small in order to reduce run time. Backfill was not 

included in any of the models as stope closure was insufficient to generate reactions in the 

backfill. The applied stress field represent a mining depth of 500 meters in  Zinkgruvan.  To 

produce punching failure in the model, it was found that the cohesion must be in the range 

of 0-2 MPa, both for the intact material and for the ubiquitous joints. Also, the friction an-

gles should be lower than approximately 200  for both the intact material and the joints. An 

example of the failure produced is shown in Figure 7. A typical observed punching failure 

is also shown for comparison. The agreement is quite good and the small discrepancies are 

due to variations in the presence of the biotite layers as well as smaller strength variations 

not possible or meaningful to include in the numerical model. 
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STOPE 

or> 
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Figure 7. Punching failure in the weak footwall as observed in the mine (left) and calculated 

displacements using a FLAC-model (right). 

Limestone beds in the ore  

Fall-outs  from the weak limestone beds sometimes present in the ore zone can be simulated 

in a UDEC-model where the limestone is represented as a 0.5 to 1.0 meter wide zone con-

taining small blocks, separated by joints. The blocks are modelled as a linear elastic mate-

rial and the weaker joints follow the Mohr-Coulomb criterion. The comparatively strong ore 

in the model is represented by somewhat larger blocks separated by randomly oriented 

joints with properties similar to those of intact ore. This allows failure to occur first in the 

limestone bed and then seek its own path in the surrounding rock. In order for this model to 

reproduce the observed "churching" the friction angle for the limestone bed was required to 

be approximately 20°, and the cohesion lower than 5 MPa. 
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Fall-out  from the weak limestone bed is also a good example of a case where the failure 

mechanisms have been identified. Using the results from the modelling work combined 

with the field documentations, it is possible to describe the failure development, as shown 

in Figure 8. Initially, stresses are high enough to cause local shear failure within the low-

strength limestone bed. At the same time, slip initiates in the contact between the limestone 

and the surrounding ore. Due to this failure, stresses are redistributed higher up in the stope 

roof. Confinement is lost in the failed zone which is displaced downwards, initiating tensile 

cracks and then shear failure in the immediate ore, resulting in fall-outs and "churching". 

II 
	

DI 

Figure 8. Development of failure in the weak limestone bed. 

Spalling  

Since spalling is the most common failure mode, it is of course of special interest to try and 

understand and control this type of failure. However, numerical modelling of spalling pre-

sents some particular problems. Failure is most likely to start as extension strain fracturing 

(Stacey, 1981) through intact rock and a model must be able to simulate both the initial 

cracks and the progressive failure. To date, there are no practical numerical methods avai-

lable which can reproduce this, which is why a correct representation of the mechanisms 

behind failure cannot be obtained. A simplified approach is to use randomly oriented joints 

with strength properties of intact rock and hence allow failure to develop by itself. Still, this 

simplification involves mainly shear failure between the blocks, quite different from actual 

spalling, and the model should therefore be used with caution. For predicting onset of 

spalling only, the simple linear elastic models described earlier with calibrated stress level 

or failure criteria were found to be satisfactory. Even so, it is important to point out that 

spalling remains a significant problem at the mine. It can most probably be solved with 

better support strategy or by destressing, but all this requires better understanding of the 

governing mechanisms. 
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Major roof failures and pillar collapses 

The last of the failure modes explored are the major roof failures, and pillar collapses. 

These initiate either as fall-outs from the limestone beds or as local spalling and then 

progress, sometimes very rapidly to global failure. Both types have been observed and 

combinations are likely to exist. An appropriate numerical model should allow for pro-

gressive failure and reduced load carrying capacity in the failed zone. For the case of 

extensive failure initiated in the weak limestone bed, the same UDEC-model as described 

above can be used. Progressive failure is simulated in the model by successively removing 

blocks that are destressed or separated from the rest of the rock mass. The analysis showed 

that larger roof failures can occur as a result of even minor local failure in the limestone, 

provided that the stresses are initially high enough. The mechanism described in Figure 8 

also applies here, where stresses continue to redistribute around the failed zone, causing 

larger and larger fall-outs. Thus, it is important to arrest local failure, both spalling and 

other stope roof instabilities, at an early stage to prevent more devastating failures. 

43 	Application to stope 42/500 

One of the best documented cases in the  Zinkgruvan  Mine is stope 42 at the 500 meter 

level. The area was mined out in 1988 as part of the final mining of that level. The stope 

was excavated using open stoping with two drifts separated by a bench and with a sill pillar 

directly above the upper drift (see Figure 1 for geometry). Severe instabilities were encoun-

tered and mining had to be terminated when only two thirds of the entire stope length had 

been mined out  (Sjöberg  and Tillman, 1990). The failure sequence proved to be quite com-

plex, involving failure both in the stope walls and the stope roofs as well as in the sill pillar 

and the bench. 

As failure mechanisms in general have been identified and modelling procedures developed 

for reproducing some of these mechanisms, it is interesting to apply this knowledge to a 

specific case. The developed models are primarily intended for design of new  stopes  and 

pillars, but they were here used to examine the series of events leading to stability problems 

and production losses in stope 42/500. A good understanding of how failure is triggered and 

how it progresses is essential to be able to propose suitable stabilizing measures. Conse-

quently, the purpose of this analysis of stope 42/500 was not to verify the proposed models, 

but to use them as tools in interpreting and describing the failure sequence. 
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Stope 42/500 was analyzed using two numerical models. These were larger than the more 

conceptual models described in the previous section. The first one was a FLAC-model for 

representing punching failure in the footwall and the other a UDEC-model with weak lime-

stone beds in the ore zone. Obviously, the complete failure sequence cannot be replicated in 

a single numerical model. Instead, the models together provided enough information to 

identify several separate components in the failure process. These were combined into a 

hypothesis in which the interaction between the different failure modes is described, which 

is presented in the following. 

The mining sequence and the corresponding failure development can roughly be divided 

into four stages:  

i) Local spalling occurred in the cut-and-fill stope below the final open stope. 

ii) The upper and lower drift were developed, causing spalling of increased intensity due to 

increased horizontal stresses perpendicular to the orebody. At the same time, fall-outs 

occurred from the limestone bed in the roof of the upper drift (Figure 9), where the lime-

stone appeared to be weaker than in the bench. As failure occurred, stresses were redis-

tributed and the failed zones became destressed, as illustrated in Figure 9. 

Figure 9. Failure hypothesis for stope 42/500. Spalling and fall-outs from the limestone bed 

occur as the two drifts are being prepared. 
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iii)Mining of the bench was initiated, leading to even higher stress concentrations in the 

remaining bench and the sill pillar. This resulted in pronounced spalling in the lower 

drift as well as spalling in combination with "churching" in the upper drift. Furthermore, 

heaving of the stope floor in the upper drift occurred and tensile cracks formed. Stresses 

were also high enough to initiate local foundation failure as the bearing capacity of the 

biotite-rich footwall was reached. 

iv) Continued mining of the bench resulted in critical stress levels. The highest stresses 

occurred in the lower portion of the bench and the global strength was exceeded, leading 

to a large and sudden roof-pillar failure. The foundation failure in the footwall devel-

oped even further and as a result, the entire bench became destressed and the roof failure 

stopped, as shown in Figure 10. Stresses were immediately redistributed to the sill pillar 

above the upper drift, also causing this pillar to fail, but in a more controlled manner. 

The damage was limited also due to heavy reinforcement which kept the fractured pillar 

in place. As the sill pillar transferred into the post-failure stage, its load bearing capacity 

was reduced and hence, stresses again were redistributed, now to surrounding abutments, 

and also to the sill pillar at the 500 meter level (Figure 10). This caused a concentration 

of stresses in the transportation drift as well as in the bottom sill pillar, resulting in local 

spalling failure. 

503 

507  

if i i 

448 

Spoiling 
507 

Figure 10. Failure of the bench (left) followed by the sill pillar (right) in stope 42/500. 

This hypothesis is based on the results from numerical analysis, and on visual observations. 

The results from the modelling actually enabled identification of each separate event in the 

failure sequence. Although the hypothesis cannot be fully verified due to lack of measure-

ments, it is proved that the models are useful tools in identifying mechanisms and quantify-

ing the rock mass behaviour. Again, the importance of recognizing the fundamental mech-

anisms is emphasized. 
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Furthermore, for the case of stope 42/500, it can be concluded that the interaction between 

the rock mass and the load acting on it, is extremely sensitive to strength variations, geome-

try, and to some extent, installed support. Small changes in these parameters could have led 

to a quite different sequence of events in stope 42/500. One example is the low strength 

footwall, giving rise to foundation failure which, luckily in this case, destressed the bench 

before a complete pillar collapse developed. Tiny differencies like these which have a large 

impact on the final result, imply that situations like those in stope 42/500 should be avoided 

whenever possible, and in any case analyzed thoroughly before mining starts. 

5. 	DESIGN GUIDELINES 

The work carried out, and described in the previous sections, can now be used to formulate 

guidelines for design of stope roofs and sill pillars in the  Zinkgruvan  Mine. The correlation 

between failure modes and local geology enables prediction of the type of failure to be 

expected in a certain geology. Furthermore, the linear stress analysis with the  MINSIM-D  
program, yielded simple stress level criteria for the onset of some of the failure modes, as 

summarized in Figure 11. 

Fall-outs  from limestone bed in roof 

Foundation failure in footwall 

Horizontal spoiling in roof (tower limit) 

/ 	Horizontal spatting (average value) 

/ 
I 	I 	I 	IPP- ROOF STRESS l MPa I 

46 67 81 98 

Foundation failure in footwall  

Fall-outs  from limestone bed in roof 

Horizontal spoiling in roof 

/ Global pillar collapse 

/ 

II 	I I 	II AVERAGE PILLAR STRESS 
63.64 79 90 	 (MPa) 

Figure 11. Calculated horizontal stresses perpendicular to the orebody in the stope roof at 

onset of failure (top) and calculated average horizontal stresses in pillars for 

different failure modes (bottom). 

1 

1 

I  
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These values are in good agreement with the criterion obtained earlier for local spalling  

(Andersson,  1987) and can be used with confidence. The areas of application are prediction 

of when a certain failure mode will occur and assessing the risk of failure in early mine 

planning stages. The stress criteria for pillar failure can be regarded as values of the pillar 

strength for certain types of failure, governed by geological variations. 

Thus, the proposed stress level criteria are only for crude and preliminary design while for 

detailed design of a specific stope or pillar in the mine, more sophisticated numerical 

modelling is necessary. Numerical models which can reproduce observed failure modes 

have been identified and calibrated using the UDEC and FLAC computer programs. The 

guidelines in Table 3 provide information for applying these models to new mining areas 

and to analyze possible methods to prevent or reduce the extent of failure. 

Table 3. Guidelines for numerical modelling of failure modes - suitable computer program, 
type of model and values on strength parameters in the model. 

FAILURE MODE 	PROGRAM 	TYPE OF MODEL 	STRENGTH 
PARAMETERS 

Intact material: 
c=2 MPa, 4)=15° 
Slip planes: 
c=0 MPa, 4)=10° 

Joints in limestone: 

c=0 MPa, 1)=20° 

Joints in the ore: 
c=16 MPa, 4=38° 

Foundation failure 	FLAC 
	

Plastic material with slip 
in footwall 
	

planes in the footwall.  

Fall-outs  from weak 	UDEC 	Small elastic blocks in 
zones in the ore 	 the limestone bed. 

Random oriented joints in 
the ore - elastic blocks. 

As above. Blocks that fail 
are successively removed 
from the model.  

i) Randomly oriented 
joints in the ore. 

ii) All materials are linear 
elastic. Calibration and 
interpretation with failure 
criteria or stresses. 

Major roof and 
pillar failures 

UDEC  

Local, horizontal 	i)  possibly 
spalling in the ore 	UDEC 

ii)  linear  elastic -  
MINSIM-D 

As above 

As above 
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6. 	DISCUSSION AND CONCLUSIONS 

The need for design methods which account for actual pillar behaviour has been empha-

sized. As shown, pillar behaviour is a function of strength variations, geometry and loading 

conditions. In the proposed methodology for the  Zinkgruvan  Mine, all these factors are 

considered, but to various extents. 

It can be concluded that the variations in local geology over the mine and their implication 

on the mode of failure in a stope or a pillar have been quantified. Together with the derived 

stress level criteria for onset of failure, this knowledge constitutes a simple and easy-to-use 

set of design rules, which can be applied for preliminary design in long term planning 

perspective. 

Furthermore, the failure mechanisms have been identified for some of the more important 

stability problems. Corresponding numerical models have also been identified and guide-

lines for detailed modelling established. These models, which reproduce the failure modes, 

are applicable to more detailed design in medium to short term mine planning. It is true that 

these models are more complex and thus require more skill to use. Still, the proposed 

guidelines simplify the task of modelling drastically by providing the engineer with the 

proper model and parameter values. It must be remembered though, that the lack of mea-

surement data implies that the models and the results are qualitative rather than quantitative. 

However, even a qualitatively correct understanding of the failure mechanisms is extremely 

useful in, for instance, support selection. 

The lack of measurements is, despite the extensive visual observations, one of the limita-

tions in the proposed methodology, since it limits the degree to which the numerical models 

could be calibrated. More serious is that, in some cases, the developed tools for design are 

not good enough, most obviously manifested for local spalling and global failure as a result 

of progressive spalling. The models are simply not precise enough to predict when a local 

failure will develop into a large failure. Consequently, there is not enough information to 

design support or other stabilizing measures for this type of failure. 

The effect of confinement and end constraint on the pillar strength are two other factors of 

great significance, but poorly represented in the methodology. For the case of spalling, even 

small increases in confining pressure are likely to increase the load bearing capacity of the 

pillar significantly. This phenomena cannot be quantified using the proposed models for 

spalling failure. Altogether, this has a large impact on mining operations, and future work 

must address this problem more thoroughly. 
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Finally, it must be pointed out that the current study only attempts to develop the metho-

dology and the methods to use for future design. The application and refinement of the 

methods constitutes the next step in the rock mechanics programme at  Zinkgruvan  - a task 

which still remains to be carried out. 

To summarize, there are serious limitations in the methodology but even so, the methods 

and the tools that have been developed facilitates the design work considerably. The tools 

are directly applicable for the  Nygruvan  part of the  Zinkgruvan  Mine. For other mining 

areas, the methodology as such is generally applicable but modifications of the specific cri-

teria and guidelines are necessary. More than anything else, the methodology points at the 

important factors to include in the design process and give some hints on how they should 

be accounted for. Consequently, this philosophy is also believed to be useful in other mines 

with similar problems. 

To further improve the design methodology for the  Zinkgruvan  Mine, it is most important 

to increase the quantitative data on failure and particularly spalling in all its forms. In addi-

tion, there is also a need for analysis of the effects of reinforcement on stope and pillar 

stability. This should include careful investigations of the interaction between various 

support elements and the rock mass, particularly for the modes of failure which cause the 

largest stability problems. A related issue are the increasing mining depths in  Zinkgruvan  

and other Swedish mines, causing failure in both stope roofs and pillars to start earlier in the 

mining sequence. This requires better design methods for, and better data on, the post-fail-

ure behaviour of both the rock mass and the pillars. 

Hence, an extensive monitoring programme should be carried out, preferably in areas sub-

jected to high stresses and where both stope roofs and sill pillars will be loaded to their 

maximum capacity. Such a programme, including deformation and stress measurements 

complemented by careful mapping, has been initiated in one part of the mine. However, 

delays in the production from that stope has postponed the anticipated results. The mea-

surements will continue, as they might provide the mine with the most valuable information 

so far, with regard to pillar and stope roof behaviour. 
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List of Symbols 

a: 

c 

= major principal stress (compressive stresses are taken as positive) [MPa] 

= horizontal stress acting perpendicular to the orebody [MPa] 

= cohesion [MPa] 

= friction angle [O] 
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