
LICENTIATE T H E S I S

Luleå University of  Technology
Department of Civil and Environmental Engineering

Division of Rock Mechanics

2008:11|: 102-1757|: -c -- 08⁄11 -- 

2008:11

Numerical Analyses of 
the Hangingwall at 

the Kiirunavaara Mine

Universitetstryckeriet, Luleå

Tomás Fernando Villegas Barba

Tom
ás Fernando V

illegas B
arba 

N
um

erical A
nalyses of the H

angingw
all at the K

iirunavaara M
ine 

20
08:11





LICENTIATE THESIS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Numerical Analyses of the Hangingwall 
at the Kiirunavaara Mine 

 
 
 
 
 
 
 
 
 
 
 

by 
 
 
 

Tomás Fernando Villegas Barba 
 
 
 

Department of Civil, Mining and Environmental Engineering 

Division of Mining and Geotechnical Engineering 

Luleå University of Technology 

SE-971 87 Luleå 

SWEDEN 
 



 i

LIST OF PAPERS 
 
This thesis is a summary of the following papers: 
 

A. Villegas, T., Nordlund, E. and Dahnér-Lindqvist, Ch. (2008) Hangingwall Surface 
Subsidence at the Kiirunavaara Mine, To be submitted to Engineering Geology. 

 
B. Villegas, T. and Nordlund, E. (2008) Numerical Analysis of the Hangingwall Failure at the 

Kiirunavaara Mine, Proceedings MassMin 2008, Eds. H. Schunnesson and E. Nordlund, 
Luleå, Sweden. 

 
C. Villegas, T. and Nordlund, E. (2008) Numerical Simulation of the Hangingwall Subsidence 

Using PFC2D, Proceedings MassMin 2008, Eds. H. Schunnesson and E. Nordlund, Luleå, 
Sweden. 

 
 
The author’s main contributions to these papers are as follows: 
 

A. Time-displacement and strain analysis. 
 
B. Model development and result interpretation. 
 
C. Model development and result interpretation. 



 ii

PREFACE 
 
This work was carried out at the Division of Mining and Geotechnical Engineering at Luleå 
University of Technology. 
 
The research presented in this thesis is part of the project of “Hangingwall Subsidence” supported 
by Hjalmar Lundbohm Research Centre, HLRC, and Luossavaara-Kiirunavaara AB, LKAB. 
 
I would like to express my gratitude and respect to my Professor Erling Nordlund for his guidance 
and support during my research work. 
 
I would also like to thank my assistant supervisor Dr. Jonny Sjöberg for his valuable advice and his 
patient review my work. 
 
I want to thank MSc Christina Dahnér-Lindqvist for her strong support of my research work. 
 
Finally, I would like to thank to my family for their infinite support and sacrifice, my wife Susana 
and my teenagers Susy and Tomás.  
 
 
 
 
 
May 2008 
 
Tomás Villegas 



 iii

ABSTRACT 
 
The mining method used in the Kiirunavaara Mine induces failure in the hangingwall which caves 

and subsides by the effect of stress relaxation and gravity. Since the orebody is dipping towards the 

city of Kiruna, surface disturbances are approaching the town as mining proceeds to a greater depth. 

 

The aim of this thesis is to contribute to the understanding of the hangingwall failure process and its 

relationship with the ground surface subsidence. To achieve this objective two conference papers 

related to numerical analyses and one journal paper regarding ground surface deformation are 

compiled.   

 

Results from numerical analysis using continuous methods indicate that the first tension cracks are 

formed by extension strain on the ground surface, followed by shear failure along an almost planar 

failure surface between the mining level and the tension crack. The break angle calculated from the 

model showed good agreement with those calculated using field data. The break angle varied while 

the orebody width changed. A discrete element method was also used to analyze the hangingwall – 

caved rock – footwall interaction. The model showed that the caved rock constrains the movement 

of the hangingwall and footwall. Additionally, the model for the mine section Y1500 indicated that 

without the backfill the footwall will fail. 

 

The time-dependent behaviour of the hangingwall was analyzed using time-displacement curves 

obtained from surveying stations. Three different phases were found – regressive phase, steady 

state, and progressive phase. The rate of movement was estimated for the first two phases. 

Additionally, strain analysis was carried out using subsidence data from the hangingwall. The 

results indicated that critical values of tensile strain can be reached before visible cracks can be 

found on the surface. Moreover, large geological structures concentrate the strains, creating 

abnormal subsidence behaviour at the hangingwall. 

 

Keywords: hangingwall subsidence, time-dependent behaviour, caved rock, footwall, tensile strain, 

geological structures.   
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1 INTRODUCTION 
1.1 Background 

The hangingwall at the Kiirunavaara Mine, located to the West of the city of Kiruna, has 

experienced large scale subsidence since sublevel caving was implemented. In sublevel 

caving the hangingwall is left without support. Therefore, it fails and caves, filling the mined 

void. During this process large zones of the ground surface and subsurface subside. As mining 

proceeds to a greater depth, larger zones of the rock mass are disturbed. Since the orebody is 

dipping to the East, disturbances are extending towards the city of Kiruna, the railway, and 

the power station. Obviously, this unwanted effect can not be avoided. Nevertheless, a good 

understanding of this phenomenon can help mitigate its effects.  

 

Several predictive models have been proposed during the last 40 years employing different 

methods such as empirical, physical, analytical, and numerical, or combinations of them 

(Hansagi, 1967; Stephansson et al, 1978; Hustrulid, 1991; Dahnér-Lindqvist, 1992; Singh et 

al, 1993; Sjöberg, 1999). In spite of the relative success of some of them, their 

implementation is based on several assumptions. Hence, there is still a lack of knowledge or 

understanding of the phenomenon.  

 

Previous predictive models were limited by the lack of input data regarding rock mass 

strength, in situ stresses and water condition. Only Stephansson et al (1978) performed a 

comprehensive study of the hangingwall which included a description of the geology, core 

drilling, stress measurements, laboratory tests and joint mapping. Posterior studies did not 

explore the subsurface of new areas affected by subsidence. In addition, insufficient 

monitoring data was used to calibrate models. Moreover, the influence of structural geology 

on the surface subsidence has been emphasized in different studies (Lupo, 1996; Herdocia, 

1991) but its effect has not been evaluated because of lack of information about the 

mechanical properties of the large geological structures. 

 

Today, new monitoring techniques are available which can provide new insights regarding the 

hangingwall behaviour. Seismic monitoring has become a useful tool for tracking cave 

propagation providing valuable data to calibrate numerical models (Henry and Dahnér-

Lindqvist, 2000). Furthermore, implementation of satellite surveying (InSAR) for subsidence 
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monitoring has increased the quality and quantity of subsidence data (Henry et al, 2004). 

Great effort is currently being done by LKAB to implement these techniques in the mine. 

 

As a part of the hangingwall subsidence research project, an extensive exploration campaign 

has been planned to characterize the rock mass and identify major geological structures using 

diamond drilling and geophysical methods. Field and laboratory tests will also be conducted 

to obtain intact rock and rock joint properties. 

 

Section 2 is a literature survey covering mine-induced subsidence caused by longwall mining, 

block caving, and sublevel caving. The focus is on subsidence description and predictive 

methods. For longwall mining a subsection covering the influence of geological structures 

was included because it will be relevant in Section 4. 

 

In Section 3, the rock mass of the hangingwall is characterized and divided into geotechnical 

domains. For each domain, rock mass quality and strength are estimated and calculated.  

 

In Section 4, surface surveying data is used to analyze the behaviour of the surface subsidence 

of the hangingwall. 

 

Section 5 consists of two numerical studies. In the first part of the section, the finite element 

program, PHASE2, is used to analyze hangingwall failure and estimate break and limit 

angles. In the second part, the discrete element program, PFC2D, is employed to study the 

interaction between the hangingwall, the caved rock and the footwall. 

 

Finally, conclusions are presented in section 6. 

 

1.2 Objectives, scope of work and limitations 

With the development of powerful computer systems and robust numerical codes, numerical 

methods appear to be the strongest tool for stability analyses of rock constructions. Therefore, 

the main objective of this research work is to conduct preliminary numerical analyses with 

continuous and discontinuous methods using available data to evaluate the potential of new 

software to increase the understanding of the hangingwall subsidence. New monitoring data 



 3

has been analysed to study the hangingwall response. It has also been compared to results 

obtained by numerical analyses.  

 

A finite element program (PHASE2) was used to analyze the hangingwall failure and a 

discrete element program (PFC2D) to study the interaction between the hangingwall, the 

caved rock and the footwall. 

 

The input data used in the numerical models was in partly obtained from previous studies and 

internal reports. Reliable input data regarding the rock mass strength, in situ stresses and the 

mechanical properties of the caved rock is the main limitation of numerical analyses.  
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2 MINE-INDUCED SUBSIDENCE 
2.1 Introduction 

The void created by mineral extraction deforms and fails causing a lowering of the ground 

surface often accompanied by horizontal displacements. 

 

Formal studies of subsidence began in the 19th century. They were focused on the coal mines 

in Belgium, France and Germany. The studies were initiated since the subsidence resulted in 

damage to overlying mine facilities and railways (Kratzsch, 1983). These early reports created 

the scientific foundation for future subsidence studies and pinpointed the mechanisms of 

subsidence (Whittaker and Reddish, 1989). Today, studies of subsidence include structural 

geology, geomechanics, surveying, mining and property law, and mining methods and 

techniques (Singh, 1992). 

 

The underground mining methods can be classified based on their support condition, as is 

shown in Figure 2.1. The mining method is selected based on the geometry of the orebody 

and the geomechanical properties of the ore and the country rock. Thereby, surface 

deformation induced by mining has distinctive features depending on the employed mining 

method. Two types of subsidence have been observed (Brady and Brown, 1993) – continuous 

and discontinuous. 

 

Subsidence engineering was for a long time mainly focused on subsidence caused by longwall 

coal mining where subsidence is mostly continuous. Mathematical formulae used for 

prediction and management of coal mining subsidence have been developed and tested during 

the last decades (Blodgett and Kuipers, 2002). The principles of subsidence are similar 

regardless of the mining method. However, since the caving methods have become interesting 

also for hard rock situations, there has been an increased interest from the research society 

and the mining companies to study caving processes and subsidence under hard rock 

conditions where discontinuous subsidence is likely to occur.  
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Figure 2.1  Classification of underground mining methods (Brady and Brown, 1993) 

2.2 Types of subsidence 

Two types of subsidence have been considered – continuous and discontinuous (Bray and 

Brown, 1993). Discontinuous subsidence is characterized by large vertical displacements over 

limited surface areas and can be manifested as cracks, steps and chimneys or sinkholes. 

Continuous subsidence is the smooth lowering of the ground surface. 

2.2.1 Cracks or fissures 

Surface tension cracks have been pointed out by Hoek and Bray (1981) as indicators of 

instability in rock slopes and generated by small shear movements within the rock mass. 

These movements have enough cumulative effect to cause separation of vertical joints behind 

the face of the slope and to form tension cracks. Thus, when a tension crack is visible on the 

surface of the slope, it must be assumed that a shear failure has initiated within the rock mass. 

The cracks are the first sign of discontinuous subsidence caused by large-scale mining. They 

often appear around trough subsidence as shown in Figures 2.2 and 2.3. Moreover, fissures 

have often been associated with geological discontinuities and faults affected by subsidence 

because they concentrate horizontal strain at fewer points (Wigham, 2002; Shadbolt, 1975). 
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fissuring associated with 
geological discontinuities

pressure ridges

tension fractures

depression

crushed pillar
 

Figure 2.2  Surface expression of subsidence due to collapse of support pillar in 
underground coal working (Bell and de Bruyn, 1999) 

 

                                 
Figure 2.3  A subsidence trough in a vacant lot. Tension cracks are visible around the sag 

(Turney, 1985) 

2.2.2 Steps 

Steps are defined as scarps along the ground surface (Donnelly, 2006) and are also known as 

breaking lines on the surface profile by land surveyors. This kind of surface expression 

implies slip in a discontinuity which could be a fault, joint or bedding plane. Faults represent 

the major risk of large ground displacements. Fault displacement is a practical possibility for 

any fault subjected to natural or induced stresses. When faults are stressed to the limit strength 

value and slip initiates, stored energy is released resulting in additional fault slip. The mining 

dimensions and extent of working influence on the magnitude of stepping and the degree of 

probability of such an occurrence. They are therefore common subsidence features in large-

scale bulk mines where the caving process creates a high magnitude of subsidence. 
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Nevertheless it is likely to find steps while continuous subsidence is expected as abnormal 

subsidence (see Figure 2.4) (Shadbolt, 1975). 

 

 
Figure 2.4  Step induced by the Eynez-Soma Coal Mine (Aksoy et al, 2004) 

2.2.3 Pits, chimneys or sinkholes 

A chimney is sometimes known as a crown hole, pit hole, funnelling, pipe, or sinkhole. 

However, some authors have pointed out that they are not representing the same failure mode. 

They have presented the following definitions:  

• Chimney caving involves the progressive disintegration of weak rock moving upward 

through the overlying material to the surface (Brady and Brown, 1993; Betournay and 

Mitri, 1995). Figure 2.5 shows the formation of a chimney. Only in the cases (stages of the 

caving) shown in Figures 2.5c and 2.5d, the progressive failure reach the surface. The case 

shown in Figure 2.5c can be considered as a particular case of case d when the wall crater 

collapses. Sometimes weak superficial deposits may flow into voids that have reached 

rock head, thereby forming features that may vary from gentle dishing of the surface to 

inverted cone-like depressions of a large diameter (Bell and Donnelly, 2006). 

• Ravelling is a gradual failure from the periphery, resulting in stope enlargement towards 

the surface (Betournay and Mitri, 1995). 

• A pipe is a cylindrical or conical mass of clay and sand that fills a solution sinkhole, shaft 

or cave.  
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Ground Surface

     

Ground Surface

 
                                  (a)                                                                          (b) 

Ground Surface

     

Ground Surface

 
                                   (c)                                                                         (d) 

Figure 2.5  Formation of chimney above mine workings (Beetham et al, 2003); (a) caving 
arrested by more competent strata; (b) caving arrested by bulking of roof debris; 
(c) formation of a trough at surface; (d) formation of a chimney at the surface 

 
• Crown holes (Fig. 2.6) arise from the collapse of the roofs or strata failure of generally 

abandoned, shallow stopes (Brady and Brown, 2003; Betournay and Mitri, 1995). 

 

 
Figure 2.6  Collapse of a surface outcrop of a reef into a stope (Bell et al, 2000) 
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• Plug subsidence (Fig. 2.7) is the sudden drop into a stope of a large but integral block 

which extends to the top of the bedrock and is controlled by some structural features 

which provide a plane of weakness whose shear strength is overcome at some critical 

stage of mining (Brady and Brown, 2003; Betournay and Mitri, 1995). 

 
Ground Surface

Faults

Orebody

 
Figure 2.7  Plug subsidence (Brady and Brown, 2003) 

 

• A sinkhole is a circular closed depression in a karst area. Its size is measured in metres or 

tens of metres, also known as a doline (see Figure 2.8).  

 

 
Figure 2.8  Collapse sinkholes, such as this one in Winter Park, Florida (1981), may develop 

abruptly (over a period of hours) and cause catastrophic damage (U. S. 
Geological Survey, 2000) 
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2.2.4 Trough 

Trough subsidence forms as a gentle depression over a large area (Figure 2.3). The material 

over the central part of the mined area moves vertically downward at the same time as 

material from the adjacent sides moves toward the centre and downwards. This kind of 

subsidence appears where large voids are created by the mining activity or where several 

adjacent pillars fail at the same time (Turney, 1985). Depiction of continuous subsidence 

requires defining terms such as angle of draw or its complement (limit angle) and angle of 

fracture which vary depending on the mechanical properties of the rock. 

2.3 Longwall mining 

2.3.1 Longwall mining method 

This mining method is suitable for flat-lying stratiform orebodies in hard and soft rock. 

Longwall mining is a continuous operation where only the roof close to the face is supported 

with props or hydraulic roof support. The orebody is divided into rectangular panels. Along 

the opposite sides of each panel two parallel drifts are excavated. One crosscut drift is 

excavated to communicate the two sides at the end of the panel. In the crosscut drift of a coal 

mine a cutting machine is moved to extract the coal (Figure 2.9). When the face advances the 

support is also moved to support the roof at the new face. The roof behind is unsupported, 

causing it to cave. The caving material is in the form of broken blocks which move irregularly 

down into the void. This material bulks in the order of 10-50% (Bétournay, 2005). The caving 

effect terminates at a height of some 6 to 10 m above the roof (Shadbolt, 1978). Although 

caving material gives support to the overlying strata, bed separation occurs in subsequent 

layers which tend to bend rather than break, acquiring a trough-shaped curve. To reduce 

subsidence, fill is sometimes added to the mined area.  

 

In a hard rock environment, drilling and blasting is applied to break the ore. Figure 2.10 

shows an operation in hard rock where mining advances along the strike and ore is scraped 

down the dip to a collection point. Temporary support is provided near the mining face and a 

flexible support in the empty space behind to avoid discontinuous deformation. Due to the 

brittleness of the rock in a hard-rock environment a pseudo-continuous behaviour of the near-

field rock mass is expected (Brady and Brown, 1993). Thereby, significant fracturing may be 

induced in the country rock. 
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Figure 2.9  Longwall mining in soft rock (Hamrin, 2001) 

 
 

 
Figure 2.10  Longwall mining in hard rock (Hamrin, 2001) 
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2.3.2 Subsidence induced by longwall mining 

Traditionally, limits of subsidence have been defined using angles measured from the working 

face to the ground surface. The following angles, shown in Figure 2.11 and defined in Table 

2.1, are commonly used in mining subsidence engineering. 

 

 
Figure 2.11  Parameters definitions (Shadbolt, 1978) 
 

Table 2.1  Angle definitions 

Angles Definition 
Limit angle, γ The angle made with the horizontal by a line drawn from the base of the 

seam to the point of zero surface subsidence 
Angle of draw, ζ The complement of the limit angle also known as angle of influence 
Break angle, β The angle made with the horizontal by a line drawn from the base of the 

seam to the point of maximum extension strain 
 
In longwall mining, the overlying strata experiences stress re-distributions as a result of the 

mining as illustrated in Figure 2.12. Continuous or trough subsidence forms as a gentle 

depression over a large area. Material over the central part of the mined void moves vertically 

downward at the same time as material from the adjacent sides moves toward the centre and 

downward (see Figure 2.13). This kind of subsidence may also appear for the room and pillar 

mining method, when several adjacent pillars fail at the same time (Turney, 1985).  
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Figure 2.12  State of stress after mining (Shadbolt, 1978) 

 

 
Figure 2.13  Ground movements around a longwall extraction (Whittaker and Reddish, 1989) 

 
The basic ground movements developed for surface trough subsidence are: 

• vertical subsidence or vertical displacement, 

• horizontal displacement, 

• tilt or slope, i.e., the derivative of vertical displacement with respect to the horizontal 

(differential subsidence), 

• horizontal strain (extension and compression), i.e., the derivative of horizontal 

displacement with respect to the horizontal,  
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• vertical curvature (differential tilt), which may be approximated by the derivative of the 

slope or the second derivative of the vertical displacement with respect to the horizontal, 

and shown diagrammatically in Figure 2.14. 

 

These five components of ground movement can cause damage in buildings and structures in 

different ways (Bell and Donnelly, 2006). Slip type displacements between the foundation 

and the ground may take place, thereby, the magnitude of deformation experienced by 

structures may be different to that measured on the ground. Although it is difficult to estimate 

the amount of subsidence that will adversely affect structural members and/or architectural 

features, empirical criteria based on field observations of ground movement and civil 

structures reactions have been established (Singh, 1992; Bell and Donnelly, 2006). 

 

 
Figure 2.14  Elements of ground movement (Shadbolt, 1975) 

2.3.3 Influence of geological structures 

Geological structures may alter surface profile trough subsidence, creating discontinuous 

subsidence. This type of subsidence is in the literature called abnormal subsidence (Shadbolt, 
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1975). Around 25% of all cases of mining subsidence undergo trough abnormal movements 

such as steps and fissures (Donnelly, 2006). 

 

Steps in the surface topography developed during surface subsidence (Figure 2.15) may be 

due to fault reactivation (Bell et al, 2005; Donnelly, 2006) or they may occur at certain 

discontinuity outcrops (Donnelly and Reddish, 1994). Faulting may result in abnormal 

reaction of the ground surface such as horizontal strain concentration or a vertical stepping of 

the ground on one side of the fault when affected by underground excavation (Shadbolt, 

1975). Mining dimensions and extent of working influence the degree of probability of such 

an occurrence and the stepping magnitude. 

 

 
Figure 2.15  Influence of faults on subsidence (Bell and Donnelly, 2006) 
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From experience, it is known that mining under the hade of the fault and where a single shear 

plane rather than a shatter zone is present often result in larger movements. For instance, the 

“430 Yards” fault located in the region of the Lancashire Coalfield was reactivated during 

mining subsidence (Figure 2.16). Surveying data showed a reduction of around 50% in the 

magnitude of the subsidence on the unworked side of the fault (Donnelly, 2006). However, 

Donnelly (2006) clarified, that not all kind of faults are prone to reactivation while subjected 

to mining subsidence stress. Usually principal faults are the ones susceptible to reactivation.  

 

 
Figure 2.16  Subsidence and strain profiles of the Lancashire coalfield (Donnelly, 2006) 
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Furthermore, lateral shear is common with or without vertical movement in the South Wales 

(Figure 2.17B), Midlands and Donetsk coalfields. During longwall collapse, lateral shear 

occurs along a fault (Donnelly, 2006). 

 

A complete description of all types of surface expressions of mining induced fault scarps was 

presented by Donnelly and Rees (2001). Several geological and mining factors can influence 

on fault reactivation such as initial state of stress, geotechnical properties of the fault zones, 

proximity of fault to ground surface, hydrogeology, rock mass discontinuities, age of fault, 

depth of extraction, fault dip, mining orientation, distance from fault, and rate of mining 

advance. 

 

 
Figure 2.17  Variations in mechanisms for the formation of lateral shear at fault at lithological 

discontinuities (Donnelly and Reddish, 1994) 
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Based on documented experiences from British and Ukrainian coal mines Donnelly and 

Reddish (1994) described three different scenarios in which steps may be formed through 

certain discontinuity outcrops:  

A Shear displacement between lithological contacts via plastic deformation and buckling of 

steeply inclined strata adjacent to the operating seam (Figure 2.18). 

B At synclinal folds axes. 

C Flexural slip folding accommodates buckling by layer-parallel slip along bedding 

contacts.  

 
Figure 2.18 Variations in the direction of surface steps. The Donestk coalfield, Ukranie 

(Donnelly and Reddish, 1994) 

 

Another example of abnormal subsidence surface expression is linear fissuring and 

development of crown holes at the Durham Coalfield which is overlain by Permian magnesian 

limestone in England (Young and Lawrence, 2002). Wigham (2000) identified four types of 

subsidence features: 

• Large, deep open fissures (Figure 2.19), which result from block rotation within the 

limestone rock mass as stress relief opens previously closed joints and faults. Fissures are 
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typically 0.30 – 1.5 m in width, but there are examples of individual fissures with a width 

of several metres.  

• Small open fissures, 0.05 – 0.30 m wide, have a tendency to open suddenly after extreme 

weather with an associated, exaggerated sinkhole, as a consequence of the ability of 

glacial clay to bridge gaps. 

• Shear cliff walls form because adjacent ground has subsided, all of the movement being 

accommodated on a vertical joint or near vertical fault plane. 

• Fault breccia pipe collapse produces extreme chimney features in apparently competent 

rock at fault intersections. 

 

    

SN

 
Figure 2.19 Section through Quarrington Hill before and after coal extraction. (Wigham, 

2000) 

2.3.4 Prediction of subsidence induced by longwall mining 

Trough subsidence is characterized by its high degree of predictability of movements 

perpendicular and parallel to the direction of face advance (Bell and Donnelly, 2006). Several 

methods have been developed for subsidence predictions. They are classified as empirical 

methods (graphical methods), semi-empirical methods (influence functions and profile 

functions), physical models and analytical or theoretical models. 

 

Empirical methods are based on the analysis of existing data on surface movement which is 

fitted to subsidence functions in order to predict future subsidence effects but only in areas 

where the initial data was obtained. These methods are quick, simple to use, and relatively 

accurate (Alejano et al, 1999). However, the methods are site-specific and applicable only to 

areas having identical geological and mining conditions (Bahugana et al, 1993). Graphical 

methods involve displaying subsidence data in the form of graphical charts or nomograms. 
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The most common charts used today were developed by the National Coal Board (Anon, 

1975) based on data collected in various UK coalfields. 

 

Profile functions use mathematical expressions defining subsidence profiles and are suitable 

only for rectangular panels (Cui et al, 2000). This method can be readily applied to geological 

dissimilar conditions by modifying constant values. In addition, it has two major advantages: 

fast calculations and easy to implement in computer programs. Recently, it has been 

successfully applied to predict subsidence above steep seam mining (Toraño et al, 2000; 

Asadi et al, 2004) and multiple subsidence trough related to steep seams (Rodriguez and 

Toraño, 2000). 

 

Another semi-empirical method, influence functions, is based on the principle of 

superposition. This method for subsidence prediction divides the extracted area into 

infinitesimal elements summing the influence on the subsidence from each element to get the 

overall subsidence. Influence functions are appropriate for subsidence prediction over 

underground workings with irregular or complex geometries. Although these functions are 

difficult to apply, check and calibrate, functional methods have been used to predict 

subsidence for complex mine geometries (Bello and Ordieres, 1997), steep seams (Gonzalez 

et al, 2005) and irregular topographic surfaces (Alvarez et al, 2005; Li et al, 2005). 

 

Profile functions and influence functions are approaches that work well with supercritical 

mining situations (see Figure 2.20) and can include the time factor, although they may cause 

errors or even mistakes for sub-critical mining conditions (Cui et al, 2000). DeMarco (2004) 

recommended, based on his experience, a combination of the boundary element method and 

the influence function for sub-critical mining conditions. Similarly, Bahuguna et al (1995) 

developed a semi-empirical method which is based on field observations but adjusted by 

numerical modelling. 

 

In Figure 2.20 the Non-Effective Width (NEW) is defined. It is the maximum width of 

extraction up to which no significant indication of subsidence occurs at the surface (Sheorey 

et al, 2000). Its value is assigned based on observation and experience for each particular 

case. 
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Figure 2.20 Change in surface subsidence by variation of working width (Sheorey et al, 

2000) 

 
Theoretical investigations have been carried out for elastic (Aksoy, 2004), elastoplastic 

(Alejano et al, 1999) and viscoelastic models (Zeng and Kou, 1992; Baryakh et al, 2005). 

However, it is hard to predict surface subsidence by the elastic deformation theory (Asadi et 

al., 2004). The classical infinitesimal deformation theory is suitable only for small 

deformations and small rotations. Therefore, there are discrepancies between differential 

movements predicted by the theory and the ones experienced in practice (Cui et al., 2000). 

For instance, only the elastic-plastic model has been used with success in the United States 

(Singh, 1992).  

 

Numerical methods such as the Finite Elements Method (FEM), the Finite Difference Method 

(FDM), and the Boundary Element Method (BEM), are used to solve the resulting governing 

equations by numerical approximations. It must be pointed out that numerical methods require 

reliable input data (rock mass strength and in situ stresses). Nevertheless, numerical methods 

have the merit of being more suitable for the estimation of subsidence for complicated mining 

and geological conditions than other approaches. 

 

Applying numerical methods including those based on influence functions, profile functions 

and empirical formulae, to real cases requires calibration of real data, validation and 
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sensitivity analysis (Alvarez-Fernandez et al, 2005). Each method has its own value and range 

of application. Usually a more accurate subsidence prediction can be expected by using more 

than one method. 

2.4 Subsidence induced by block caving 

2.4.1 Block caving mining method 

The block caving method (see Figure 2.21) was originally used to mine orebodies where rock 

is prone to cave. Nowadays, it is also applied in hard rock where induced stresses help to 

break the rock (Carrasco et al, 2004). The method, which is applicable only to large orebodies 

with vertical dimensions exceeding 100 m, requires an intensive preparation for mining. 

However, it has the lowest mining cost of all underground mining systems. 

 

 

Figure 2.21  Block caving mining (Hamrin, 2001) 

 
Block caving is a generic term used for all types of caving methods except sublevel caving. 

Currently the most used method is panel caving where the orebody is divided into panels 

which are mined sequentially.  
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In block caving, the orebody is almost vertical, with limits well-defined by the surrounding 

rock. The ore block is undercut applying drilling and blasting. Thereafter, the broken ore is 

drawn off to create the void and initiate caving. During the caving process, a vertical crater is 

formed. However, less inclined surface slopes may form in weak or weathered surface layers. 

This difference on the caving slope has been related to rock mass quality, geological 

structures and draw management (Flores et al, 2004). 

2.4.2 Subsidence of block caving 

As expected, block caving produces discontinuous subsidence due to large movements around 

the cave. Chimneys and tension cracks are commonly visible on the surface above the mined 

block. Block caving subsidence is characterized by three areas or zones of deformation 

described as follows (see Figure 2.22): 

 

 

Figure 2.22  Schematic representation of the surface subsidence resulting from block caving 
(Gilbride et al, 2005) 

 
1. Primary subsidence zone: This zone, which is also known as the “glory hole”, is 

characterized by mass movement in the order of tens to hundreds of metres.  

2. Relaxation zone: This area may show vertical scarps or steps and tension cracks. 
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3. Continuous deformation zone: Only moderate ground movement, in the order of tens of 

centimetres. 

 
The limit between the subsidence zones is usually obvious (Gilbride et al, 2005) but 

sometimes waste dumps or erosion could cover part of the crater, making it difficult to 

distinguish the limit between them. Moreover, some block caving mines only presents the 

crater without any other sign of disturbances. For example, in the Henderson mine in 

Colorado, a steep-walled crater was formed on the surface from an undercut at a depth of 

1280 m (Stewart et al, 1984).   

 

The extent of surface subsidence caused by block caving can be influenced by the following 

factors (Bray and Brown, 1993): 

• Strength properties of the orebody 

• Strength properties of the overburden 

• Presence of major structural features such as faults 

• Depth of mining as defined by undercut level 

• The use of backfill in the caved zone 

• Slope of natural ground surface 

 

Break and limit angles have been used to characterize the extent of surface deformation. 

However, there are discrepancies among the different definitions of break angle. Karzulovic 

et al (1999) defined it as the angle formed by the horizontal at a section and the straight line 

drawn from the undercut level to the extremity of the crater (see Figure 2.23). Bray and 

Brown (2003), used the traditional definition for break angle, where the straight line is drawn 

from the undercut level to the farthest crack on the surface. Similarly, the limit angle in a 

section is defined as the angle between the horizontal and a straight line from the undercut 

level to the farthest deformation detected (Gilbride et al, 2005).  
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Figure 2.23  Geometrical parameters used in the analysis of subsidence, El Teniente Mine, 

Chile (Karzulovic et al, 1999) 

 

In block caving where a high degree of movement in the primary subsidence zone is expected, 

the presence of chimneys is not convenient because they produce dilution of the ore. 

However, its presence could be prevented by uniform draw from all draw points and by 

spacing them closely. 

 

When caving propagation reaches a meta-stable geometry, hang-ups may be generated, with 

sudden failings generating air blasts with dangerous consequences for the mine operation. 

This problem becomes critical when the rate of extraction is high. For instance, data analysis 

on hang-ups made by Flores et al. (2004) indicates that the area of hang-ups in CODELCO 
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mines has varied widely, from 1,000 m2 to more than 35,000 m2, with an average of 12,000 

m2 (Figure 2.24).  

 

 
Figure 2.24  Example of the formation of a chimney crater immediately after the failure of the 

hang-up at Inca West Sector, Salvador Mine, Chile (Flores et al, 2004) 

 

The most common causes of hang-ups are: 

• Unexpected geological-geotechnical conditions,  

• Stresses too low to induce stress caving,  

• Stresses high enough to develop clamping forces arresting stress release caving, 

• Reductions in the undercut height, 

• Non-standard undercut geometry,  

• No measures taken to facilitate cave initiation and  

• Poor draw extraction/management. 

 

The most common remedial measures for dealing with hang-ups are increasing the undercut 

area and improving draw management. 

 

2.4.3 Subsidence prediction of block caving 

The prediction of the cave angle, i.e., the slope angle of the wall of the “glory hole”, and the 

limit of disturbance is mainly based on empirical criteria and experience from mines with 

similar conditions. Several tools can be used to assess subsidence limits, determine the worst 

case scenario and principal factors influencing subsidence. The following methodology has 
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been proposed to predict the zone of influence of a block cave mine (Butcher, 2002; Brown, 

2003): 

1. Project the footprint contact perimeters on all levels to surface. This area will be directly 

impacted by subsidence.  

2. Make a preliminary estimate of the break angle using conventional cave-angle projection 

models (Laubscher, 1994). Thus, the zone of break back around the projection of step one 

is determined.  

3. Using Hoek's (1974) analytical method, extended by Brown and Ferguson (1979), and 

Lupo (1996); to check the above empirical break back predictions and compare against 

observed break angles in this or similar mines. 

4. Modify the current estimate of break angle to consider local geological features such as 

faults, topography and amount of broken material in the crater. 

5. The limit of the subsidence area is defined by conducting a preliminary numerical 

analysis, using two or three dimensional elastic models. In this stage, Butcher (2002) 

pointed out that these models will normally give the worst case scenario.  

6. The final stage implies further modelling of ground strains and tilts using two and three 

dimensional codes such as ABACUS and FLAC where major geological units and 

structures are added into these models to account for structural strain relief.  

  

In addition to the computer programs ABACUS and FLAC mentioned by Butcher (2002), 

UDEC and EXAMINE are commonly used for two-dimensional analyses and FLAC3D, 

3DEC, and MAP3D for three-dimensional numerical analyses (Flores et al., 2004). Although, 

PFC2D and PFC3D are promising codes, they are rarely used for caving subsidence 

prediction due to their excessive running time and long calibration process. However, 

Gilbride et al. (2005) presented an example where they were able to simulate large-

displacement mass flow simultaneously with elastic and inelastic deformation. Recently, 

ELFEN has shown the advantages of a hybrid code combining FEM and DEM (Stead et al, 

2006). However, in spite of the increasing use of numerical models there is no improvement 

in the quality of input data representing the rock mass properties and mechanical properties of 

geological structures (Flores et al., 2004), limiting the accuracy of numerical analyses. 

 

Using the methodology described above, the following graphs have been developed (Figures 

2.25 and 2.26) in CODELCO’s mines in Chile, to determine the zone of influence of the cave 

(Karzulovic et al., 1999).  
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Figure 2.25  Curves developed to estimate the break angle, Ten 4 – Regimiento Sector, El 

Teniente Mine, Chile (Karzulovic et al, 1999) 

 

 
Figure 2.26  Chart developed to estimate the lateral extent of the zone of influence of the 

cave, highwall side, El Teniente Mine, Chile (Karzulovic et al, 1999) 
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2.5 Sublevel caving subsidence 

2.5.1 Sublevel caving mining method 

Sublevel caving is a bulk mining method considered by the mining community as a traditional 

Swedish mining method. This method is appropriate for steeply dipping orebodies with 

competent ore and weak country rock. Today, its successful utilization is largely dependent on 

the grade as well as on the geological and mechanical properties of the orebody and the 

country rock (Kosowan, 1999). 

 

As shown in Figure 2.27, the orebody is developed in sublevels at a regular vertical spacing, 

with footwall drifts (parallel to the orebody) and cross-cuts (perpendicular to the orebody). 

Fans of production holes are drilled in the ore from the cross-cuts. The broken ore, mobilized 

by the effect of gravity flow, is drawn at the brow of the cross-cut and hauled to the ore pass 

which ends at the haulage level where it is transported to the hoist system. 

 

Figure 2.27  Sublevel caving mining (Hamrin, 2001) 
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2.5.2 Subsidence due to sublevel caving 

One disadvantage with sublevel caving is that it develops large-scale surface subsidence over 

the hangingwall, and, to less extent but also with considerable effects on the footwall (Figure 

2.28). Three different zones characterize the hanging wall subsidence: the caved zone, the 

fractured zone, and the continuous deformation zone (Herdocia, 1991; Lupo 1996). They are 

defined as follow: 

Hangingwall

Ore

Caved
rock

Mining level

Limit angle

Break angle

CZ

Footwall

FZFZ Stable

Subsidence area

Stable CDZ CDZ

CZ - Caved zone
FZ - Fractured zone
CDZ - Continuous deformation zone

 

Figure 2.28  Surface deformation zones at mines with sublevel caving mining method 

 

• The caved zone is characterized by a great downward movement of caved material which 

is formed by the collapse of waste rock from the side walls. The caved rock consists of 

irregular blocks which may range in size from millimetres to several metres. In this zone 

chimneys can be observed. They are formed by vertical movement of caved material 

through flow channels after mineral draw. 

• The fractured zone is characterized by tension cracks, fractures, steps and sporadic pits 

close to the caved area. Subsidence in this area develops horizontal and vertical 

movements which may vary from centimetres to metres. Lupo (1996) described the nature 



 31

of movement in this zone as a combination of shear and toppling mechanisms, similar to 

those observed in rock slopes. Eventually the blocks formed by movement will become 

part of the caved rock in the caved area. This area is unstable and unsafe for civil 

structures. 

• In the continuous deformation zone a continuous deformation develops which can be 

detected only by periodic surveying.  

 

The block of rock formed between the outermost fracture and the caving limit can be 

considered as a “semi-intact” rock mass which is progressively fragmented by the caving until 

it becomes a part of the caved rock in the crater (Herdocia, 1991). 

 

2.5.3 Subsidence prediction of sublevel caving 

Techniques similar to those used in block caving have been applied to predict subsidence for 

sublevel caving mining. The break angle, which has been used to determine the limit of the 

fractured zones, has mostly been estimated through limit equilibrium methods. On the other 

hand, the extension of the subsidence area has been estimated analyzing monitoring data. 

  

The limit equilibrium mehods are based on the assumption that failure modes are similar to 

those assumed in rock slope stability analysis. Hall and Hult (1964) used limit equilibrium 

analysis assuming that failure occurs along a single plane (Figure 2.29) between the mining 

cut and the ground surface. The geometry was simplified assuming that the slope angle (β) for 

the hangingwall and the footwall were equal. 

 

Following this idea, Hoek (1974) developed his limit equilibrium approach for the prediction 

of hangingwall failure with increasing mining depth. The hangingwall was envisioned as a 

rock slope in which the toe is undercut. Due to the undercutting, the hangingwall fails in a 

progressive manner when the mining progresses down-dip (see Figure 2.30). It was assumed 

that a plane shear failure is formed from the undercut to a surface tension crack. The effect of 

the caved material was added. The failure was assumed to occur under static conditions. 

Sensitivity analyses conducted in the Grängesberg iron mine in Sweden indicated that the 

break angle is highly influenced by the rock mass properties, the mining depth, and the depth 

of caved material (Hoek, 1974). 
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Figure 2.29  Geometry of the hangingwall for limit equilibrium analysis (Hall and Halt, 1975) 

 

This method was later extended by Brown and Ferguson (1979) in order to consider sloping 

ground surface and water pressure in the tension crack and in the shear band (plane) (see 

Figure 2.31). The method was applied in Gath’s mine, Rhodesia. In their analysis, a sloping 

upper surface in the hangingwall decreased the break angle and increased the tension crack 

depth. Although it was mentioned that during raining season, subsidence accelerates, its affect 

was not evaluated. Another factor analyzed was the three-dimensional crater effect. Based on 

field observations, it was concluded that when the radii of curvature of the walls is small, 

higher break angles can be expected.   

 

Lupo (1996) modified Hoek’s limit equilibrium method by considering traction forces during 

draw and interaction between the hangingwall and the footwall. He assumed that the caved 

rock provides support to the hangingwall and the footwall under static conditions when no 

draw is carried out. However, during active draw, the caved material generates traction forces 
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which increase the magnitude of the shear stresses in both walls. The traction forces were 

calculated using well-known relations from soil mechanics and silo theory. This approach was 

used in the Kiirunavaara mine, Sweden and gave fair agreement with failure observations on 

the hangingwall. However, the model was not able to predict the behaviour of the footwall 

(Henry and Dahnér-Lindqvist, 2000). 

 

 
Figure 2.30 Progressive failure sequence with increasing mining depth; (a) mining from 

outcrop; (b) failure of overhanging wedge; (c) formation of steep face; (d) 
development of tension crack and failure surface; (e) development of second 
tension crack and failure surface; (f) initial open pit; (g) formation of tension 
crack and failure surface; (h) second tension crack and failure surface; (i) 
progressive failure with increase in mining depth (Hoek, 1974) 

 

Most of the mine infrastructure is built in the footwall. Therefore, monitoring systems can be 

implemented and the response of the footwall to the mining can be monitored. On the other 

hand, there is no direct access to the hangingwall which makes it difficult to track the cave 

advance and the influence zone. Thus, though several assumptions have been made in limit 

equilibrium analyses, the failure mechanism is not well understood. Moreover, it is likely that 

structural features dominate the hangingwall behaviour in areas with well defined dominant 

discontinuities. For instance if a major set of persistent joints dipping steeply parallel to the 
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orebody (Figure 2.32), toppling of the hangingwall may occur (Bray and Brown, 1993). 

Physical and numerical models have been used to overcome this problem (Stephansson et al, 

1978). However, the use of physical models requires a large quantity of materials and it is 

time consuming. Recently, the discrete element method PFC (Itasca Consulting Group Inc.) 

has been able to mimic the mechanical behaviour of intact rock and rock masses. Nowadays, 

coupling of continuous and discontinuous methods is possible eliminating the needs for 

physical models.  

 
Figure 2.31 Idealised model used in limit equilibrium analysis of progressive hangingwall 

caving (Brown and Ferguson, 1979) 

 

 
 

 
Figure 2.32 Toppling of steeply dipping hangingwall strata (Brady and Brown, 1993)  
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3 THE KIIRUNAVAARA MINE 
3.1 General 

The Kiirunavaara iron ore mine is located to the west of the city of Kiruna (see Figure 3.1) in 

northern Sweden about 180 km north of the Arctic Circle. The mine is owned and operated by 

Luossavaara-Kiirunavaara AB, LKAB. At the beginning of the last century, the ore was 

extracted by open pit mining. The transition to underground mining started during the 1950’s. 

Today, the entire orebody is mined using sublevel caving. 

 

 

Figure 3.1  Horizontal map of the Kiirunavaara orebody (Lupo, 1996) 

 

A schematic representation of the mine operation is shown in Figure 3.2. The vertical distance 

between sublevels is 28.5 m. The orebody is divided into 10 blocks (see Figure 3.2). All the 

access and mine infrastructure are located in the footwall because the hangingwall fails, 

caves, and subsides. 
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Figure 3.2  Mining blocks in the Kiirunavaara mine (LKAB, 2001) 

 

3.2 Geology 

The Kiirunavaara orebody is tabular, 4 km long and up to 100 m thick. It extends at least 

down to 1300 m below the ground surface (Bergman et al, 2001). It lies between a thick 

sequence of trachyandesitic lavas (footwall) and pyroclastic rhyodacites (hangingwall) (see 

Figure 3.3).  

 

Magnetite-actinolite breccia is developed in the hangingwall along the contact with the 

orebody. Near this contact, ore is often rich in angular to sub-rounded clasts of rhyodacitic 

tuff. Veins of magnetite and actinolite extend tens of metres into the hangingwall, and they 

are locally wider and spaced more closely together, forming rich ore breccia or lenses of 

massive ore. In addition, some areas are affected by biotite-chlorite alteration. This alteration 

is often accompanied by disseminated pyrite and a weak enrichment of copper, cobalt, and 

molybdenum (Bergman et al, 2001). 
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The rock mass in the hangingwall of the Kiirunavaara mine is composed mainly by 

rhyodacites which are extrusive volcanic rocks. These rocks are intermediate in composition 

between dacite and rhyolite, containing phenocrysts of sodium rich plagioclase, sandine, 

quartz, magnetite, and biotite or hornblende which are typically set in an aphanitic to glassy 

light to intermediate colored matrix.  

 

LKAB has divided the rock types in the hangingwall and the footwall into different subgroups 

as shown in Table 3.1, according to their mechanical and geological properties. The 

distribution of each type of rock in the hangingwall and footwall is complex and sometimes it 

is difficult to define a limit. 

 

Figure 3.3  Geological map of the central Kiruna area (Bergman et al, 2001) 
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Table 3.1  Classification of rock types in Kiirunavaara mine 

Area LKAB 
terminology 

Geological terminology Description 

QP1 Rhyodacite Light gray fluid structure 
QP2 Rhyodacite Purple-red rock with phenocrysts 
QP3 Rhyodacite High contect of chlorite and 

amphibole 
QP4 Meta rhyodacite Contains epidote and pyroxenes 

Hangingwall 

QP5 Rhyodacite Wheatered rock 
SP1 Trachyandesite Dark red color and 5-20% 

phenocrysts of reddish feldspar in 
the size of 1-4 mm 

SP2 Trachyandesite  
SP3 Trachyandesite White amygdulus consisting of 

quartz and carbonate 
SP4 Trachyte and porphyry Idiomorphic 
SP5 Trachyandesite Wheatered rock 

Foot wall 

GP Porphyry dyke  
 

3.3 Structural geology 

Although fracture mapping have been carried out in the mine at several occasions and at 

different sections and mine levels, the most recent study conducted by Magnor and Mattsson 

(1999) summarized the dominant sets of discontinuities shown in Figure 3.4. These small 

scale discontinuities have orientations similar to those of the major geological structures 

observed in the field and correlated with lineaments located by interpretation of geophysical 

measurements and mapping. The mapped and interpreted lineaments are shown in Figure 3.5 

(Magnor and Mattsson, 1999).  

 

Figure 3.4  Main directions of the structural domains in the Kiirunavaara mine identified by 
Magnor and Mattson (1999) 
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Figure 3.5  Lineaments and geotechnical domains (modified from Magnor and Mattson, 

1999) 

 

3.4 Hydrogeology 

In a hard rock environment, the water inflow and the ground water level is closely related to 

the presence of discontinuities and their physical and geometrical condition. Several studies 

have been carried out at the Kiirunavaara mine (Lindberg and Nõmtak, 1985; Andersson and 

Wellander 1988; Liedholm, 1992) including measurements and observations of diamond drill 

holes and mine pumping. The results are summarized below: 



 40

• Correlations between water inflow and geological structures indicate that primary inflow 

is related to vertical shear zones. 

• Ground water inflow into the mine north of Y1700 is higher than in the southern part of 

the mine. The inflow is apparently increasing from mine coordinate Y1700 towards 

Y1200. 

• The estimated rock mass transmissivity from the mine coordinate north of Y2000 was in a 

range of 10-5 to 10-4 m2/sec. The estimated transmissivity south of Y2000 was in a range 

of 10-5 to 10-7 m2/sec. 

• Ground water levels south of Y4000 are in the range of 150 to 200 m higher than those 

norths of Y2000 and relatively constant between Y2000 and Y4000. 

 

3.5 In situ stresses 

A large number of overcoring stress measurements have been carried out in the mine. A few 

hydraulic fracturing measurements have also been done. Sandström (2003) stated that 

although there are large variations among the stresses measured at different locations and at 

different occasions, there are good indications that the major principal stress dips to the 

East/West. Moreover, the fact that faults in the mine correspond to a strike-slip stress regime 

indicates a vertical orientation of the intermediate stress and a horizontal orientation of the 

minor principal stress parallel to the orebody. After an extensive analysis Sandström (2003) 

estimated the state of virgin stress by regression analyses of stress measurement results. He 

proposed the following stress relationships for the normal and shear stress components and for 

the principal stresses at the Kiirunavaara mine: 

 

σew = 0.037z (3.1a) 

σv = 0.029z (3.1b) 

σns = 0.028z (3.1c) 

τew-ns = 0.0015z (3.1d) 

τns-v = - 0.0018z (3.1e) 

τv-ew = - 0.003z (3.1f) 

σ1 = 0.041z (3.2a) 

σ2 = 0.031z (3.2b) 

σ3 = 0.021z (3.2c) 
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These relationships are valid only for depths greater than 400 m, where z is the actual depth 

below ground surface. 

3.6 Physical and mechanical properties of intact rock and discontinuities 

The mechanical properties of the intact rock were obtained from laboratory tests carried out 

on core-based samples from the hangingwall relatively close to the orebody. The mechanical 

properties of the discontinuities were also obtained from samples in the hangingwall close to 

the orebody. Tables 3.2 and 3.3 show these data. 

 

Table 3.2  Mechanical properties of the intact rock (Sjöberg et al, 2001) 

Rock 
type 

Density 
(kg/m3) 

Young’s 
modulus 

(GPa) 

Poissons’ 
ratio 

Compressive 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Cohesion 
(MPa) 

Friction 
angle (°) 

QP 2700 37-81 0.14-0.27 184 12 88-117 35-38 
Ore 4700 60-100 0.18-0.28 133 10 16-108 22-43 
SP1 2800 70 0.20-0.27 300 10 - - 
SP3 2800 44-60 0.14-0.24 210 11 - - 
SP4 2800 80 - 430 12 - - 
SP5 2800 75 - 90 10 - - 
GP  75 - 320 - - - 

 
 

Table 3.3  Properties of discontinuities in orebody used by Malmgren (2005) 

Properties Typical values in the mine 
Dip 60 – 70 degrees 
Friction angle 35 – 41 degrees 
Spacing 0.2 – 1.0 m 
Cohesion* 0 
Tensile strength* 0 
Normal stiffness* 110 GPa/m 
Shear stiffness* 9 GPa/m 
*Values used by Malmgren and Nordlund (2005) in numerical analyses 
 

3.7 Rock mass quality 

Although deterministic and empirical analyses have been performed for specific mine sections 

to evaluate hangingwall subsidence, the rock mass quality has been evaluated in general using 

RMR (Bieniawski, 1976) and Q (Barton, 1974). Based on fracture domains, hydrogeology, 



 42

cavability and surface expressions of subsidence four geotechnical domains have been 

identified on the hangingwall. The rock mass quality is evaluated for each domain using 

RMR89 (Bieniawski, 1989) and GSI (Hoek et al, 1995). The result is presented below together 

with a domain description. 

 

Domain I (Mine sections Y0000 – Y1700) 

 
Figure 3.6  Domain I 
 
Table 3.4  Description of Domain I 
Description • Heavily jointed rock mass with small-size caved rock.   

• RQD increase at deeper levels (Stephansson, 1978).  
• There is no clear limit between different quartz porphyritic rocks.  
• The crater of the sinkholes keeps stable for a few days or months 

Joint sets 
(Dip/Dip direction) 

75/300, 75/60, 60/115, 28/145, 56/154 

RQD 27% (Z230 – Z630); 44% (Z630 – Z930); 77% (Z930- ) 

Rock type Quartz porphyry A and B 

Spacing of joints 0.3 - 1 m 

Condition of joints Slightly rough surface; moderated altered joint; separation from <1 to 5 
mm 

Ground water 
condition 

High inflow; transmissivity between 10-5 to 10-4 m2/sec 

Stress condition Expected uniform state of stresses 

RMR89 44 – 71 

GSI 40 – 70 
:  
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Domain II (Sections Y1700 – Y2900) 

 
Figure 3.7  Domain II 
 
Table 3.5  Description of Domain II 
Description • This area shows less weathering than Domain II 

• Low fracture density  
• Visible step failure on ground surface 
• The crater of sinkholes keeps stable for long periods. 

Joint sets 
(Dip/Dip direction) 

60/200, 70/80, 70/305 

RQD 50% (Z230 – 930); 77%(Z930- ) 

Rock type Light colour quartz porphyry 

Spacing of joints 0.3 - 2 m 

Condition of joints Slightly rough surface; moderated altered joint; separation from 1 mm 
to 5 mm 

Ground water 
condition 

Low inflow; transmissivity between 10-5 to 10-7 m2/sec 

Stress condition Probably stress concentration (pillar effect); expected large variation by 
influence of geological structures 

RMR89 57 – 76 

GSI 60 - 79 
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Domain III (Sections Y2900 – Y4000) 

 
Figure 3.8  Domain III 
 

Table 3.6  Description of Domain III 
Description • This zone is characterized by brown colour porphyry rock (zone B) 

which shows smooth step-type failures at surface.  
• Slope shows a well-defined high scarp face and the crest cover by a 

waste dump.  
• Water level is higher than Domain II and lower than Domain IV.  

Joint sets 
(Dip/Dip direction) 

65/68, 55/171, 64/302 

RQD 30 – 80 % 

Rock type Quartz porphyry B 

Spacing of joints 0.3 - 2 m 

Condition of joints Smooth, undulating; unaltered joint walls to small clay-fraction 

Ground water 
condition 

Medium inflow; transmissivity between 10-5 to 10-7 m2/sec 

Stress condition Higher ground level than Domain II which could create higher vertical 
stresses than Domain I and II. 

RMR89 47 – 71 

GSI 50 – 74  
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Domain IV (Sections Y4000 – Y4600) 

 
Figure 3.9  Domain IV 
 

Table 3.7  Description of Domain IV 
Description • Many lineaments cross this area 

• Low fracture density 
• Crater of sinkholes keeps stable for long periods 

Joint sets 
(Dip/Dip direction) 

70/120, 70/230, 65/95 

RQD 77% (Z230- ) 

Rock type red to pink quartz porphyry 

Spacing of joints 0.6 to >2 m 

Condition of joints very rough to slightly rough surfaces in hard joint wall rock; separation 
< 1mm 

Ground water 
condition 

low inflow; transmissivity between 10-5 to 10-7 m2/sec 

Stress condition medium stress; high water pressure 

RMR89 79 – 89 

GSI 79 – 89 
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3.8 Rock mass strength 

The generalized Hoek-Brown failure criterion (Hoek et al, 2002) was applied to estimate rock 

mass properties in the different domains. The criterion is given by 
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where mb is the value of the constant m for the rock mass and is given by 
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s and a are constants which depend on the rock mass characteristics given by the following 

relationships: 

 

⎟
⎠
⎞

⎜
⎝
⎛

−
−

=
D

GSIs
39
100exp , (3.5) 

 

( )3/2015/

6
1

2
1 −− −+= eea GSI  (3.6) 

 

where D is a disturbance factor which depends on the degree of damage caused by blasting or 

stress relaxation. Its value varies from 0 for undisturbed in situ rock masses to 1 for very 

disturbed rock masses. 

 

The uniaxial compressive strength of the rock mass, σcm, is obtained by setting 0'
3 =σ  in 

Equation (3.3), giving 

 
a

cicm sσσ =  (3.7) 

 

The tensile strength of the rock mass for hydrostatic tension is obtained by substituting  
'
3σ  and '

1σ  with σtm in Equation (3.3). The resulting expression is 
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b
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tm m

sσ
σ

−
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where σci is the uniaxial compressive strength of intact rock. 
 

The rock mass modulus of deformation is given by: 
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Equation (3.9) applies for σci ≤ 100 MPa. For σci ≥ 100 MPa, the following equation is 

recommended: 
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The equivalent friction angle and cohesion can be determined by a least square fit of a linear 

Mohr-Coulomb failure envelop to the Hoek-Brown failure envelop (Hoek, 1990). 

The strength and deformability of the four rock mass domains were calculated using RocLab 

(2006) (Equations (3.4)-(3.10)). Tables 3.8 to 3.15 show results for the following input 

parameters 

1. σci = 186 MPa 

2. mi = 16 

3. GSI = 55, 62, 70, 84 (average values for each domain) 

4. D = 0, 0.5, 1 

5. The failure envelope ranges selected, considering slope heights of 300, 500 and 800  

    m, were σ3 = 6.5, 10 and 15.5 MPa.  
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Table 3.8  Parameters of Hoek-Brown criterion for Domain I with an average GSI of 55 
D mb s a Em (GPa) σcm (MPa) σtm (MPa) 
0 3.207 0.0067 0.504 13.97 14.96 0.39 

0.5 1.877 0.0025 0.504 3.71 9.04 0.25 
1 0.643 0.0006 0.504 0.82 4.24 0.16 

 
 
Table 3.9  Mohr-Coulomb fit for Domain I based on data from Table 3.8 

σ3 = 0 – 6.5 MPa σ3 = 0 – 10 MPa σ3 = 0 – 15.5 MPa D 
φ (°) c (MPa) φ (°) c (MPa) φ (°) c (MPa) 

0 51.94 3.39 48.7 4.33 45.23 5.65 
0.5 47.8 2.71 44.35 3.53 40.72 4.66 
1 38.77 1.88 35.18 2.46 31.53 3.25 

 
 
Table 3.10  Parameters of Hoek-Brown criterion for Domain II with an average GSI of 70 

D mb s a Em (GPa) σcm (MPa) σtm (MPa) 
0 5.48 0.0357 0.501 38.83 34.97 1.21 

0.5 3.834 0.0183 0.501 12.69 25.04 0.89 
1 1.877 0.0067 0.501 3.07 15.17 0.67 

 
 
Table 3.11  Mohr-Coulomb fit for Domain II based on data from Table 3.10 

σ3 = 0 – 6.5 MPa σ3 = 0 – 10 MPa σ3 = 0 – 15.5 MPa D 
φ (°) c (MPa) φ (°) c (MPa) φ (°) c (MPa) 

0 55.21 5.42 52.40 6.40 49.25 7.84 
0.5 52.84 4.40 49.81 5.32 46.48 6.66 
1 47.38 3.31 44.07 4.07 40.54 5.16 

 
 
Table 3.12  Parameters of Hoek-Brown criterion for Domain III with an average GSI of 62 

D mb s a Em (GPa) σcm (MPa) σtm (MPa) 
0 4.118 0.0147 0.502 23.47 22.29 0.66 

0.5 2.620 0.0063 0.502 6.72 14.58 0.45 
1 1.060 0.0018 0.502 1.53 7.72 0.31 

 
 
Table 3.13  Mohr-Coulomb fit for Domain III based on data from Table 3.12 

σ3 = 0 – 6.5 MPa σ3 = 0 – 10 MPa σ3 = 0 – 15.5 MPa D 
φ (°) c (MPa) φ (°) c (MPa) φ (°) c (MPa) 

0 53.61 4.11 50.53 5.08 47.19 6.47 
0.5 50.31 3.30 47.02 4.18 43.49 5.42 
1 42.96 2.38 39.43 3.06 35.78 3.99 
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Table 3.14  Parameters of Hoek-Brown criterion for Domain IV with an average GSI of 84 
D mb s a Em (GPa) σcm (MPa) σtm (MPa) 
0 9.035 0.1690 0.500 69.39 76.41 3.48 

0.5 7.468 0.1184 0.500 31.58 63.96 2.95 
1 5.103 0.0695 0.500 9.47 48.98 2.53 

 
 
Table 3.15  Mohr-Coulomb fit for Domain IV based on data from Table 3.14 

σ3 = 0 – 6.5 MPa σ3 = 0 – 10 MPa σ3 = 0 – 15.5 MPa D 
φ (°) c (MPa) φ (°) c (MPa) φ (°) c (MPa) 

0 56.98 10.46 54.80 11.29 52.20 12.63 
0.5 56.00 9.04 53.67 9.87 50.93 11.20 
1 53.50 7.49 50.97 8.27 48.05 9.50 
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4 HANGINGWALL SUBSIDENCE 
4.1 Subsidence description 

Previous studies divided the subsidence area into three zones as was shown in Chapter 2.5.2. 

However, for the stability analysis carried out in this thesis the fracture zone and the caved 

zone were considered as one zone. Therefore, the hangingwall subsidence is characterized by 

two deformation zones - discontinuous deformation zone and continuous deformation zone  

(see Figure 4.1) which are described as follows:  

Hangingwall

Ore

Caved
rock

Crater

Mining level

Tension Crack

Continuous deformation zone Discontinuous deformation zone

Footwall

Step Chimney

Break angle

Limit angle

 
Figure 4.1  Surface subsidence zones of the hanging wall at Kiirunavaara mine 
 

• Discontinuous deformation zone: This zone is characterized by large surface disturbances 

affecting limited regions. Features such as tension cracks, steps and chimney caves 

normally appear in this zone. Tension cracks are formed by extension strain with a 

tendency to develop along sub-vertical discontinuities striking parallel to the orebody 

(which is the most predominant joint set). Steps, which started as tension cracks, define 

the extension of failed wedges or blocks. Chimneys form in the failed rock mass under 

stress relaxation where individual rock blocks move vertically through flow channels after 

ore draw. 
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• Continuous deformation zone: In this area, there is a smooth lowering of the ground 

surface detected only by periodic surveying. This zone, which extends to around 150 – 

200 m beyond the limit of the discontinuous deformation zone (Lupo, 1996), shows only 

elastic deformation or continuous non-elastic strain (Singh et al, 1993). 

 

Today, as mining advances down dip, surface and subsurface subsidence extend in the 

hangingwall towards the city of Kiruna, the railway, and the power station.  

 

4.2 Historical review 

The historical review of the hangingwall subsidence is covered in Paper C. This review shows 

that predictive models are based on empirical methods and limit equilibrium methods. 

Although different numerical analyses have been conducted using the finite element, the finite 

difference, and the discrete element methods, they were not used for prediction purposes. 

 

The break angles obtained in the field showed large variation contrasting with the predicted 

values. Herdocia (1991) pointed out that this variation is caused by variations in the rock mass 

strength. At least four different geotechnical domains were identified with the rock mass 

characterization carried out in Chapter 3. Furthermore, the rock mass quality also varies 

within each geotechnical domain. Thereby, it is likely that the rock mass strength influences 

the break and limit angle. 

 

4.3 Time-displacement behaviour 

Using surveying data, time-displacement curves for different survey stations were obtained 

and analyzed in Paper A. The hangingwall deformation experiences three different phases of 

time-dependent deformation behaviour – regressive, steady state and progressive - shown in 

Figure 4.2. During the regressive phase the movement starts with dilation and relaxation of 

the rock mass due to changes in stresses after the previous failure. Following the initial 

response, the time-displacement curve shows short-term decelerating displacement cycles. 
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Figure 4.2  Typical time-displacement curve of the hangingwall at the Kiirunavaara mine 
 

When the ground moves at a constant velocity, it is in the steady state phase where the 

magnitude of the motion is influenced by the draw rate. The point in the curve where the 

phase changes, is defined as the critical vertical displacement, CVD. Finite element analyses 

conducted for the mine sections Y1500 and Y2300 are presented in Paper B. The analysis 

indicated that the failure surface was coincident with the contour of the CVD (Villegas and 

Nordlund, 2008). It is likely that the failure surface is well defined and its strength is close to 

the residual value when the total vertical displacement is equal to CVD. 

 

By fitting straight lines to the regressive phase and the steady state phase it was possible to 

estimate the rate of movement. Some of the results are presented in Table 4.1. 

 
Finally, the steady-state behaviour is interrupted by the proximity of cave, starting the 

progressive phase where the hangingwall displaces at an accelerating rate to the point of 

collapse in a chimney. If a chimney does not appear, the movement may still be constant but 

at a higher rate. 
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Table 4.1  Estimated rate of movement 
CVD Regressive phase Station 

Magnitude 
(m) 

Period 
(year) 

Movement rate 
(mm/yr) 

Steady state 
Movement rate 

(mm/yr) 

B4 0.6 1997-2005 63 1136 
F4 1.0 1994-2003 127 2434 
L6 0.8 1996-2004 223 992 
M4 - 1996- 177 - 
H22 - 1993- 64 - 
N29 - 1996- 149 - 
S1 - 1997- 178 - 
T5 0.8 1995-2003 108 1668 
D8 0.6 1997-2002 105 608 
average 0.8 7.6 133 1368 

 
 

4.4 Strain analysis 

The extension strain was calculated in Paper A by dividing the differential horizontal 

displacement between two surveying stations by the horizontal distance between them. The 

calculated strains where correlated with the newest surface cracks in the hangingwall to 

determine the minimum value at which a crack appears. The value is 2.3 mm/m which is a 

strain level that may cause damage to buildings or civil infrastructure. In addition, zones of 

strain concentration which are coincident in structural maps with large lineaments were found. 

The concentration effect was amplified in areas with higher rock mass quality. 
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5 NUMERICAL ANALYSES 
5.1 Mine section descriptions 

Two cross sections of the mine were selected to for numerical simulations, i.e., Y2300 and 

Y1500. These sections, which satisfy the criteria for analysis in two dimensions (Herdocia, 

1991; Lupo, 1996; Sjöberg, 1999), are located in the northern portion of the mine where 

subsidence is reaching the city of Kiruna. Moreover, previous stability analyses of the 

hangingwall were carried out for section Y2300 (see Figure 6.2) (Lupo, 1996) and section 

Y1500 (see Figure 6.3) (Stephansson et al, 1978; Herdocia, 1991). Therefore, there is data 

available to calibrate the models for these sections. 

 

5.2 Finite element analysis 

5.2.1 Model results and interpretation 

Summary of Paper B. 

Using an elastic-brittle-plastic model the hangingwall response to mining was analyzed. The 

caving process was explicitly simulated by adding voids moving up from the extraction level 

and by changing the properties of the material when the void was filled with caved rock. 

 

A CVD of 0.8 m estimated in Table 4.1 was used to define the failure surface which agrees 

with the limit of elements yielding in shear. This result could indicate that the failure surface 

is well defined when the subsidence reaches the CVD-value.  

 

Vertical bands of elements yielding in tension in the hangingwall and footwall which could 

indicate the formation of tension cracks on the ground surface are evident in Figure 5.1. 

Tension cracks can be found in the field on the hangingwall but not on the footwall. This 

could be explained by the fact that the same rock mass properties were used for both footwall 

and hangingwall in the model, while in the field, the footwall shows better rock mass quality. 

On the other hand, when the rock mass strength is low, the yielded elements are more 

distributed and there is no band effect. 

 

Once the failure surface was located for different mining levels, the break angles were 

determined in the model and compared with the values obtained in the field. For section 
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Y2300 a constant break angle of 65° (Figure 5.2) was calculated. The calculated break angle 

for section Y1500 was 64°. However, variations in the break angle were found when the 

width of the orebody changed. 

 

 
Figure 5.1  Typical time-displacement curve of the hangingwall at the Kiirunavaara mine 
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Figure 5.2  Break angle versus mining level  
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In addition, the boundary of the subsidence area was calculated using the limit angle which is 

defined in this study as the angle measured from the horizontal to the extreme point where the 

subsidence affects the surface. An accumulated 2 cm of horizontal displacement is used in the 

mine to determine the extreme point. However, the model showed large zones of influence 

when this criterion was applied. Instead 2 cm of vertical displacement was used considering 

that the model was calibrated using subsidence. Thus, a constant limit angle of 35˚ was found 

for section Y1500. However, section Y2300 shows that the limit angle decreases when mining 

deepens, converging to 41˚ below the level 800 m. One explanation could be that the 

topography influenced the result. 

 

Large discontinuities were added to the models to analyze their effect on the hangingwall 

failure. The structures showed yielding close to the surface when the assumed failure plane 

was almost 100 m away. It is likely that structures dilate and as a result, a surface crack may 

appear decreasing the break angle. Other indicators such as displacement and stress were not 

significantly altered by the structure.  

 

Finally, no appreciable difference was noticed in the results by changing the relation of the 

horizontal stress (the major principal stress) to the vertical stress (the minor principal stress) 

from 1.2 to 1.5. 

5.3 PFC simulation 

5.3.1 Rock mass simulation using PFC 

Summary of Paper C 

The mechanical behaviour of the rock mass have been simulated using PFC2D by 

representing the rock mass as intact rock that loses strength by adding discontinuities with 

different geometrical conditions and mechanical properties. This approach is used in this work 

to analyze the effect of the caved rock on the surface subsidence of the hangingwall. The 

cross-section Y1500 was selected for this two dimensional analysis. Two models were 

created, one with crushed material filling the pit and a second one without backfill. 
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5.3.2 Model results 

During draw the caved rock and the backfill above the undercut level move vertically 

downward. However, at the toe of the hangingwall the rock mass deforms and fails towards 

the footwall sometimes arresting the movement of the backfill. When the material at the 

surface subsides there is a lateral movement of the caved rock and backfill towards the lower 

zone as shown in Figure 5.3. On the other hand, the model shows only local failures in the 

footwall face close to the undercut level by the action of the traction forces during draw. No 

progression of these failures was observed because when the undercut level moves down-dip 

these failures are stabilized by the caved material. 
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Figure 5.3  Caved rock movements during draw  
 

 
Figure 5.3 shows the formation of a stationary zone along the footwall where the caved rock 

is not moving. This result disagrees with Lupo´s assumption that the movement of the caved 

rock increases the driving forces during draw. 

 

In the model without backfill, the footwall failed when the mining reached level 400 m. In 

addition, this model showed larger deformation in the hangingwall which indicate that the 

backfill restrain the movement of the hangingwall increasing the break angle in agreement 

with limit equilibrium analysis (Hoek, 1974; Brown and Ferguson, 1978; Lupo, 1996).  
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The increase of the curvature radius of the surface profile with increasing mining depth agree 

with surveying data and surface fracture mapping, which indicate that the zone of continuous 

deformation is extending but the magnitude of subsidence is decreasing.  

 

Finally, it was found that the rock mass strength can be simulated by adding joint sets to the 

synthetic rock generated with PFC2D. The model shows a reduction of the modulus of 

deformation and the strength, along with a change in behaviour from brittle to plastic. 

Therefore, if the joint sets are properly characterized in the model, the rock mass strength can 

be back calculated. 
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6 CONCLUSIONS 

The time-dependent response of the hangingwall to mining resembles the behaviour of large 

scale open pit slopes. Three phases have been identified – regressive, steady state, and 

progressive. Time-displacement curves seem to be a tool to estimate the movement rate at 

different points on the hangingwall. 

 

The point of inflection in the time-displacement curve defining the limit between the 

regressive phase and the steady state phase was named critical vertical displacement, CVD. At 

this point the failure surface is well defined and its strength is close to the residual value. 

 

The critical damage limit defined by the cracks in the hangingwall farthest from the pit does 

not define the limit for damage to sensitive civil structures. However, the horizontal strain, the 

conditions at the boundary between the ground surface and the civil structures, and the 

sensitivity of the specific civil structure to extension strain are the factors that determine if 

damage will occur and to what extent. 

 

The finite element model was able to simulate the general response of the hangingwall to 

mining in the mine sections Y1500 and Y2300. The calculated break angle showed fairly 

good agreement with those estimated from field data. The break angles in sections Y1500 and 

Y2300 are converging towards 64-65° for mining depths below mine level 800 m. The break 

angle variations were correlated to changes in the orebody width. 

 

The limit angle was almost constant in both sections, 35° for section Y1500 and 41° for 

section Y2300. The difference in limit angle for the two sections may be due to differences in 

rock mass behaviour, rock mass strength and topography.  

 

The numerical analysis using continuous models indicates that shear is the main mechanism 

of failure in the hangingwall. However, for strong rock masses large vertical bands of 

elements yielding in tension was observed in the models. This is similar to the behaviour of 

the geotechnical Domain IV where large tension cracks can be observed. The tension cracks 

in Domain IV may be pre-existing geological structures as well as tension cracks initiated and 

propagated through intact rock as a result of extension strain. 
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The sliding-joint model developed with PFC2D was used to analyze the interaction between 

the hangingwall, the caved rock, and the footwall. The result indicates that the caved rock 

located above the undercut level moves vertically downwards, thus creating a depression in 

the surface profile. A second movement at the surface also occurred where the caved rock 

moves almost horizontally towards the depression. The movement of the caved rock and the 

backfill during draw decrease the support to the footwall and the hangingwall but do not 

significantly increase the shear forces on the footwall side because a stationary zone is 

formed.  

 

It was found that the rock mass strength can be simulated by adding joint sets to the synthetic 

rock generated with PFC2D. The model shows a reduction of the modulus of deformation and 

the strength, along with a change in behaviour from brittle to plastic. Therefore, if the joint 

sets are properly characterized in the model, the rock mass strength can be back calculated. 

 

Above the mining level the hangingwall fails and tends to move laterally towards the footwall 

exerting pressure that is transmitted through the caved rock to the footwall. When the caved 

rock was composed of large blocks, arching was observed. This effect was also observed in 

physical models conducted by Lupo (1996). 

 

The increase of the curvature radius of the surface profile with increasing mining depth agrees 

with surveying data and surface fracture mapping. 
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7 SUGGESTIONS FOR FURTHER RESEARCH 

The study has shown that analyses of the hangingwall subsidence can be carried out using 

continuous methods as long as the rock mass behaves like a continuous material. A discrete 

element code capable of handling block sliding and rotation, such as UDEC, is required to 

study the response of large scale geological structures and their effect on the ground 

subsidence. Discrete element analyses are therefore needed to increase the understanding of 

the discontinuous subsidence at Kiirunavaara. 

 

The extraction rate and the location of the extraction in the mine are important factors 

affecting the development of the subsidence. Three dimensional numerical analyses 

considering the effect of extraction rate and location on the subsidence are therefore 

recommended.  

 

To improve the understanding of the behaviour of the Kiirunavaara hangingwall and to 

improve the calibration of numerical models it is recommended that the current monitoring 

systems be improved to track failure surfaces, movements along large geological structures 

and the caving.  
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Summary 

Large scale surface subsidence has been experienced at the Kiirunavaara mine since sublevel 
caving was implemented as mining method. Surface disturbances are affecting part of the city 
of Kiruna, the railway, and the power station. Continuous and discontinuous subsidences 
characterize the hangingwall deformation, which is periodically monitored using surveying 
techniques and mapping of surface cracks. An historic review of subsidence prognoses was 
carried out and the results were compared with the actual condition of the hangingwall. The 
review showed discrepancies between different prognoses. In addition, limit equilibrium 
analyses indicated that break angles flattens while the mining depth increases. However, this 
tendency is not clear in the field where break angles shows large dispersion of values. On the 
other hand, using surveying data, two different analyses were performed. The time-dependent 
movements of the hangingwall were described using time-displacement curves and strain 
analysis was performed for different sections of the hangingwall. Three different stages of the 
time-displacement behaviour were identified and described. Finally, it was concluded that 
extension strain can reach values which may damage civil structures before surface crack can 
be observed. 
  

1. Introduction 
The Kiirunavaara iron ore mine is located to the west of Kiruna city in northern Sweden about 
180 kilometres north of the Arctic Circle. The mine is owned and operated by Loussavaara-
Kiirunavaara AB, LKAB. At the beginning of the last century, the ore was extracted by open 
pit mining. The transition to underground mining was carried out during 1950’s. Today, the 
entire orebody is mined using sublevel caving. 

As shown in Fig. 2, the orebody is developed in sublevels at a regular vertical spacing of 
28.5 m, with a footwall drift (parallel to the orebody) and cross-cuts (perpendicular to the 
orebody). Fans of production holes are drilled in the ore from the cross-cuts with a burden of 
3.0-3.5 per ring.  The broken ore, mobilized by the effect of gravity flow, is drawn at the brow 
of the cross-cut. Load-haul-dump machines carry the run-of-mine ore to the nearest ore pass. 
Using one of the shuttle trains operating on the 1,045m level the ore is transported to one of 
four crushing stations. -100mm ore is then skip hoisted in two stages to the 775m level and 
then to surface.  

 



 70

 
 

 
Fig. 2. Sublevel caving mining 

 
The orebody is divided into ten production blocks. All the access and mine infrastructure 

are located in the footwall (see Fig. 3) because the hangingwall fails, caves, and subsides by 
the effect of the gravity and induced stresses when the broken ore is drawn.  
 
 

 
Fig. 3. Mining blocks in the Kiirunavaara mine (LKAB, 2001) 
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Since sublevel caving was implemented in the mine, the hangingwall has experienced large 
scale subsidence. In general two types of deformation zones, shown in Fig. 1, can be observed 
on the ground surface of the hangingwall. They are discontinuous and continuous deformation 
zones, described as follows: 

• Discontinuous deformation zone: This zone is characterized by large surface 
disturbances affecting limited regions. Features such as tension cracks, steps and 
chimney caves normally appear in this zone. Tension cracks are formed by extension 
strain with a tendency to develop along subvertical discontinuities striking parallel to 
the orebody (which is the most predominant joint set). Steps, which started as tension 
cracks, define the extension of failed wedges or blocks. Chimneys form in the failed 
rock mass under stress relaxation where individual rocks move vertically through flow 
channels after ore draw. 

• Continuous deformation zone: In this area, there is a smooth lowering of the ground 
surface detected only by periodic surveying. This zone, which extends to around 150 – 
200 m beyond the limit of the discontinuous deformation zone (Lupo, 1996), shows 
only elastic deformation or continuous non-elastic strain (Singh et al, 1993). 

The block of rock formed between the outermost fracture and the crater limit can be 
considered to consist of a “semi-intact” rock mass, thereafter, this block is progressively 
fragmented by effect of caving (Herdocia, 1991).  

Hangingwall

Ore

Caved
rock

Crater

Mining level

Tension Crack

Continuous deformation zone Discontinuous deformation zone

Footwall

Step Chimney

Break angle

Limit angle

 
Fig. 1.  Surface subsidence zones of the hanging wall at Kiirunavaara mine 

 
Today, as mining advance down dip, surface and subsurface subsidence extend in the 

hangingwall towards the city of Kiruna, the railway, and the power station. Several studies 
during the past years have developed predictions of the subsidence area. In the present paper, 
a historical review of previous prognoses of the hangingwall failure is carried out, and the 
result is compared with the current condition at the mine. Thereafter the ground surface 
movement is analyzed using monitoring data.  

 
 



 72

2. Geology and structural geology 
The Kiirunavaara orebody is tabular, 4 km long and up to 100 m thick. It extends at least 
down to 1300 m below the ground surface (Bergman et al, 2001). The orebody strikes nearly 
north-south, dipping between 50° to 60° to the east. The orebody lies between a thick 
sequence of trachyandesitic lavas (syenite porphyry) on the footwall side and pyroclastic 
rhyodacites (quartz porphyry) on the hangingwall side (Fig. 4). Along the contact between the 
orebody and the hangingwall, magnetite-actinolite breccia is developed. Veins of magnetite 
and actinolite extend tens of metres up in the hangingwall, and they are locally wider and 
spaced more closely together, forming rich ore breccia or lenses of massive ore. In addition, 
some areas are affected by biotite-chlorite alteration (Bergman et al, 2001). 
 
 

 
Fig. 4. Geological map of the central Kiruna area (modified from Parak, 1973) 

 
Major geological structures have been located by interpreting of geophysical 

measurements and field mapping. These structures have similar orientations as the main 
directions of small-scale discontinuities (Magnor and Mattsson, 1999). Two types of 
structures have been identified by Magnor and Mattson (1999) - plastic deformation zones 
and brittle deformation zones. The largest systems of structures are presented in Table 1.  

Although previous studies underline the effect that geological structures have on surface 
subsidence, none of them documented any case to this respect. However, the observed surface 
cracks often follow the orientation of the major structures and joints. 
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Table 1. Identified structures (Magnor and Mattsson, 1999) 

Strike Plunge Observations 
WNW-ESE 60˚- 70˚ SW The most dominant brittle structures 
N-S 60˚- 70˚ E Plastic deformation zones 
NW-SE 30˚- 40˚ NE  
NNE-SSW 70˚- 90˚ SE The most dominant plastic structures 
NE-SW 18˚- 36˚ SE  
E-W 40˚- 50˚ S Brittle faults 

 
 

3. Historical review 
Even though deformation of the hangingwall was expected by introducing the sublevel caving 
method in 1957 (Gustafsson, 1981), survey stations were not installed to monitor surface 
deformation before 1976 (Paganus, 2000). Consequently, during the 1960’s and part of the 
1970’s only surface cracks were correlated to the working levels in the mine using the term of 
break angle. The break angle is defined as the angle between the horizontal and an imaginary 
line from outermost observed surface crack to the active mining level (see Fig. 1). A constant 
break angle of 60 degrees normally fitted the observed data (Hansagi, 1967). This angle has 
been used as a rule of thumb in Swedish sublevel caving mines to predict the extent of surface 
disturbances. 

A similar result was obtained by Stephansson et al (1978) after a comprehensive study of 
the hangingwall in the vicinity of the Zenobia area of the orebody (north of the mine) The 
prediction of break angles varied between 60 and 50 degrees. This study, which consisted of 
fracture mapping, finite element modelling and two and three-dimensional physical 
modelling, concluded that the failure mode is a combination of toppling and shear failure. The 
two-dimensional physical models indicated that during the caving process tensile fractures 
develop first on the surface and are followed by shear failure along a sliding plane. In the case 
of three-dimensional physical models, a complex type of step failure was observed where 
fractures propagate along sub-vertical joint sets striking oblique to the axis of the orebody. 
Then a joint set parallel to the orebody connect these fractures (Fig. 5). This type of failure 
has been observed and mapped in the field in the northern part of the hangingwall. 

 
 

 
Fig. 5. Similarities between the physical model (Stephansson et al., 1978) and an aerial 

photograph of the northern portion of the Kiirunavaara mine (2005). 
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After ten years of measuring surface deformation, it was possible to correlate surface strain 
and cracking. It was estimated that surface cracks appear for a critical extension of 2.3 mm/m 
at a constant break angle of 60 degrees (Chizari, 1988). In addition, the field data was fitted to 
an exponential function developed for trough subsidence to estimate the magnitude and extent 
of surface subsidence. The results obtained by this method indicate that the break angle 
become steeper with increasing mining depth.  

During the 1990’s new analytical approaches were used not only for the prediction of the 
break angle but also to explain the failure mechanism. The hangingwall in the sublevel caving 
method was envisioned by Hoek (1974) as a rock slope in which the toe is undercut. Due to 
the undercutting the hangingwall fails in a progressive manner when the mining progress 
down-dip. Assuming that a plane of shear failure is formed from the undercut and connected 
to a tension crack, Hoek (1974) developed a limit equilibrium method for stability analysis 
adding the effect of the caved material over the walls during static conditions. This method 
was extended by Lupo (1996) taking into consideration tractions generated by the caved rock 
during draw along the face of the hangingwall and footwall. Herdocia (1991), on the other 
hand, did not consider tension cracks and the effect of the caved material in his analysis. 
Additionally, Hustrulid (1991) and Dahnér-Lindqvist (1992) back calculated the rock mass 
strength by conducting limit equilibrium analyses considering circular failure. Using this 
approach, Lundman & Vollen, (1991) predicted new limits for the discontinuous subsidence 
zone for the northern part of the mine.  

Fig. 6 shows that there is no agreement between among the break-angle predictions. 
Although Herdocia’s and Lupo’s predictions show decreasing angles when the extraction 
depth increases, the former predicts significantly smaller angles. Lupo’s model introduced a 
tension crack that reduces the area of the plane of failure resulting in higher values of the 
back-calculated rock mass shear strength. Furthermore, Lupo’s model included the effect of 
the caving material that provides support during stable conditions but increase tractions when 
moving downwards. Moreover, the models in both studies were calibrated for different 
sections of the mine which could indicate that rock mass strength was different. Chizari’s 
prediction shows increasing break angles with deeper mining levels. However, observed break 
angles in the mine, presented in Fig. 7, do not show any tendency at all, only a large scatter 
for mining levels between 350 m to 550 m. Herdocia (1991) pointed out that the degree of 
scatter in the observed break angles depends, among other factors, on the scatter in the 
properties of the rock mass. This is because jointed rock masses show a more uniform caving 
process, while strong, less jointed rock masses show a larger scatter of the break angles.  

By definition the break angle is determined from the outermost surface crack on the 
hangingwall. However, numerical analysis has shown that this fracture is the result of tensile 
strain (Villegas, 2008) that not necessarily mean the total failure of the hangingwall as is 
assumed in the limit equilibrium analysis employed during the 1990’s. Therefore, if the wrong 
crack was selected during the analysis, the back-calculated rock mass strength may have been 
underestimated and, as a result, lower break angles obtained in forward predictions.  
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Fig. 6. Break angle prognoses of Kiirunavaara mine 
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Fig. 7. Break angle measured in the field 
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4. Monitoring 
At the beginning of the underground operation only visual inspection and surface mapping 
was carried out. A formal survey monitoring system was initiated in 1975 covering only some 
sections of the haningwall. Surveying methods such as transit, theodolite and cloth measuring 
tapes with an estimated resolution of 0.01 m were used (Lupo, 1996). The low resolution was 
attributed to the rudimentary construction of surveying stations (unmarked bars pounded into 
the soil or waste rock). Currently there are nine lines of survey stations in almost 
perpendicular directions to the pit as is shown in Fig. 8 with a total of 144 stations in 2005 
(Dahnér-Linqvist, 2005). New points have been added and some old points, which are too 
close to the caved area, are not in use anymore for safety reasons. The new stations, which 
were surveyed annually with total station, are marked bars mounted in cylindrical concrete 
bases (see Fig. 9b). The measurements with total station have a precision of about two 
millimetres under perfect conditions. However, since some surveying stations are mounted in 
soil and waste dumps, movements less than one or two centimetres cannot be detected 
according to Henry and Dahnér-Lindqvist (2000). From 2003 the measurements are carried 
out using GPS. The accuracy in the horizontal direction is 5 mm and 20 mm in the vertical 
direction (Stöckel, 2008). 

Interferometric synthetic aperture radar, InSAR, has been tested in the area with relative 
success but at the moment it has some limitations related to adverse environmental conditions 
such as snow and vegetation. With this technique it is possible to measure deformation in 
areas where there is no access for safety reasons. 
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Fig. 8. Hangingwall map showing the mine coordinate system and survey stations 
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                                   (a)                                                                       (b) 

Fig. 9. (a) Old station; (b) new station 
 

Surveying data are updated every six months and surface mapping is carried out annually. 
The reports consist of updated surface profiles and surface crack description. In addition, the 
new limits of the subsidence zones are marked in a map that covers the area between the mine 
and the city. 

Analysis of surveying data of the hanging wall identified two large zones that move at 
different rate (Mäkitaavola & Taipalensuu, 2005). In addition, the InSAR interpretation 
identified a third block located in the southern part of the hanging wall (Henry et al., 2004) 
where there were no stations. Thus it was not identified by the surveying analysis. Based on 
the interpretion of the InSAR data, Henry et al (2004) concluded that it was a listric failure 
mode. 
 

5. Time-dependent movements of the hangingwall 
Calibrating the models for failure analysis with limit equilibrium methods and numerical 
methods requires a criterion to determine the surface crack that is part of the plane of failure. 
The time-dependent behaviour of the hangingwall at the Kiirunavaara mine resembles the 
behaviour of open-pit slopes classified as transitional type (Broadbent and Zavodni, 1982). 
The hangingwall deformation experiences three different phases of time-dependent 
deformation behaviour –regressive, steady state and progressive- shown in Fig. 10. During the 
regressive phase the movement starts with dilation and relaxation of the rock mass due to 
changes in stresses after the previous failure. Following the initial response, the time-
displacement curve shows short-term decelerating displacement cycles. Apparently, an 
increase of mineral extraction or the exploitation of a deeper sublevel initiates a cycle and the 
velocity of movement decay when there is a reduction in the rate of extraction. For instance, 
Fig. 11 shows the time-displacement curve of the surveying station S1 (located between the 
mine coordinates X6484 and Y2445) representing a regressive phase. The decay of the last 
cycle is coincident with a reduction of 50% of mine extraction from block 25 during the years 
2004 to 2005. The next cycle initiate with an increase of mine extraction from the year 2005 
to the year 2006. Thus, there is a direct correlation between displacement cycles and 
variations in the production rate.  
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Fig. 10. Typical time-displacement curve of the hangingwall at the Kiirunavaara mine 

 
Continuation of mining produces a creeping motion or “steady state” where the 

hangingwall moves at constant velocity. The magnitude of the motion is influenced by the 
draw rate. This change of phase in the time-displacement curve is identified by an inflection 
point in the curve. The total vertical displacement of this point is defined as the critical 
vertical displacement, CVD. Finite element analyses of the mine sections Y1500 and Y2300 
showed that the failure surface was coincident with the contour of the CVD (Villegas, 2008). 
This finding could indicate that, at this time, the failure surface is well defined. Adding the 
fact that the hangingwall undergoes large displacements, it can be assumed that the surface 
along which failure take place reaches the residual strength state during this stage, which is 
the case for rock slopes (Savely, 1993). Finally, the steady-state behaviour is interrupted by 
the proximity of caving, starting the progressive phase where the hangingwall displaces at an 
accelerating rate to the point of collapse in a chimney. 
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Fig. 11. Time-displacement curve of the surveying station S1 showing a regressive phase 
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When the scale of graphs is incremented the cycle effect cannot be detected but the point 

of inflection in the curve is clear as shown in Fig. 12. This figure shows the time-
displacement curve of station T5 located between the mine coordinates Y2950 and X6550. 
The CVD is 0.6 m for the year 2003. Fitting straight lines to each phase made it possible to 
estimate the rate of movement. The results of this are presented in Table 2. 
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Fig. 12. Time-displacement curve of the surveying station T5 
 

Previous subsidence data analyses showed that the first surface fractures appear at about 15 
cm to 20 cm of vertical displacement (Chizari, 1988; Lupo, 1996) and the limit of surface 
deformation was determined using a cut-off subsidence limit of 0.7 mm/m (Lundman and 
Vollen, 1991). If the range of CVD values, based on Table 2, is 0.6 – 1.0 m, then the first 
cracks appear during the regressive phase. 
 

Table 2. Estimated rate of movements 
CVD Regressive phase Station 

Magnitude 
(m) 

Period (year) Movement rate 
(mm/yr) 

Steady state 
Movement rate 

(mm/yr) 

B4 0.67 1997-2005 63 1136 
F4 1.0 1994-2003 127 2434 
L6 0.85 1996-2004 223 992 
M4 - 1996- 177 - 
H22 - 1993- 64 - 
N29 - 1996- 149 - 
S1 - 1997- 178 - 
T5 0.8 1995-2003 108 1668 
D8 0.64 1997-2002 105 608 

average 0.8 7.6 133 1368 
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6. Strain analysis 

 
In the continuous deformation zone, which extend between 150 to 200 m beyond the fractured 
zone (Lupo, 1996), only continuous deformations occur. This type of deformation is common 
in trough-shaped subsidence profiles produced by room and pillar mining with pillar 
extraction and longwall mining. The effect of this type of subsidence on surface structures has 
been documented around the world for many years (Bell & Donnelly, 2006).  The 
components of the ground deformation for continuous subsidence have been classified as 
shown in Fig. 13 (Kratzch, 1983). Analysis of structural damage caused by continuous 
subsidence concluded that uniform displacement and uniform subsidence will not cause any 
damage; it is the horizontal strain and curvature that are the major factors causing structural 
damage (Singh, 1992). Data analysis of the hangingwall shows higher horizontal 
displacement than the vertical displacement and vice versa during the steady state and 
progressive phases, respectively. If displacements are increasing toward the cave, the 
extension strain is the most critical component of the ground movement with respect to 
structural damage.   

Components of the 
ground movement

Vertical 
components

Horizontal 
components

Subsidence

Tilt

Radius of curvature

Displacement

Extension or 
compression

 
Fig. 13. Components of the ground movements 

 
The extension strain was calculated by dividing the differential horizontal displacement 

between two surveying stations by the horizontal distance between them. Figures 14, 15 and 
16 show the accumulated tensile strain along survey lines L, D and H, respectively.   
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Fig. 14: Accumulated tensile strain for line L 
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The mine coordinate X is perpendicular to the orebody and decrease from the hangingwall 
towards the orebody (see Fig. 8). As expected the tensile strain increases with decreasing 
distance to the mining area. 
 

Line D - Year 2006

0

5

10

15

20

25

30

-7200 -7100 -7000 -6900 -6800 -6700 -6600

Mine coordinate X

A
cc

um
ul

at
ed

 T
en

si
le

 s
tra

in
 

(m
m

/m
)

 
Fig. 15: Accumulated tensile strain for line D 

 
Line D, in Fig. 15, shows a similar trend to line L though it undulates. On the other hand, 

the undulation is amplified along line H between mine coordinates X6550 and X6600. This 
means that there is a localized zone of strain concentration between two surveying stations. 
This effect has been documented as abnormal deformation in trough subsidence where surface 
steps are formed over contrasting lithological contacts and faults (Donnelly & Reddish, 1994; 
Donnelly, 2006). Using a lineament map shown in Fig. 17, the zones of strain concentrations 
were indicated. The lineaments have been correlated with geological structures in the field 
(Magnor and Mattsson, 1999). 
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Fig. 16. Accumulated tensile strain for line H 
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Fig. 17. Lineaments and point of strain concentration (modified from Magnor and Mattsson, 

1999). 
 

The lower value of extension strain correlated with the presence of a new surface crack 
was 2.3 mm/m in June 2006. The fracture, which is shown in Fig. 18, appears between 
stations B11 and B10.  
 

 
Fig. 18. Tensile crack between surveying stations B10 and B11 

 
Several damage criteria can be found in the literature from different countries (Singh, 

1992; Bell and Donnelly, 2006). For a horizontal strain in the range 0.5 to 2.0 mm/m only 
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very light damage can be expected, depending on the type of building or civil structure and 
their physical condition. This level of strain can be reached before a crack could be observed 
on the ground.  
 

7. Discussion 
Herdocia’s and Lupo’s break angle prognoses showed the same tendency with decreasing 
break angle for increasing mining depth. However, Lupo’s prediction showed higher break 
angles. Their analyses were conducted for different cross sections of the mine and it is likely 
that the geomechanical conditions were different in these two studies. On the other hand, 
break angles observed in the mine did not appear to follow any tendency. It seems that there 
are several factors that have not been accounted for in the models. 
 
The time-displacement behaviour of the hangingwall is similar to that of high-wall rock 
slopes. The creep response can be attributed to the resisting force provided by the caved rock. 
Thus, the rate of movement of the hangingwall depends on the movement of the caved rock 
which is linked to the mine production rate. 
 

The CVD (critical vertical displacement) found in the time-displacement curves can be 
used to define the tension crack that belongs to the failure surface. In previous analyses it was 
not clear how the location of the tension cracks of the failure was determined. The outermost 
surface fracture is generated by extension strain before the failure surface is formed. If one of 
these fractures was selected, lower break angles were calculated and lower estimated rock 
mass strength obtained from back-analysis of previous failures. 
 

Table 1 provide valuable information that can be used for a rough estimation of the rate of 
movement of the ground surface. For instance, from the moment that a point on the surface 
experience the first signs of subsidence it will take around 8 years to complete the regressive 
phase or to reach the CVD.  
 

The limit of the discontinuous deformation zone has been used to define a critical damage 
limit for buildings and civil structures. Thereby, this limit is defined by tracking and mapping 
the surface cracks along the hangingwall. However, the strain analysis indicates that the 
magnitude of tensile strain can reach critical levels before a crack is observed.  
 

There is a strain concentration along lineaments that are associated with geological 
structures. These structures alter subsidence profile and may be a step will form in this area..  
 

8. Conclusions 
Previous break-angle prognoses showed well defined tendencies that the break angles 
calculated in the field have not showed. Models used for these predictions were generated 
with limited input data regarding rock mass strength, in situ stress and structural geology. 
 

The time-dependent response of the hangingwall to excavation resembles the behaviour of 
large-scale open pit slopes. Three phases have been identified – regressive, steady state, and 
progressive. Through time-displacement curves it was possible to determine the movement 
rate of the hangingwall at different cross-sections of the mine. 
 

It was defined Tthe critical vertical displacement, CVD, was defined and which was 
estimated for different places of the mine using the time-displacement curves of surveying 
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stations. The CVD can be used to determine a potential location of the tension crack of the 
failure surface. 
 

The critical damage limit defined by outermost fractures in the hangingwall does not 
define the limit for damage since sensitive civil structures can be affected by lower values of 
horizontal strain than the 2.3 mm/m correlated in the field with small cracks. 
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ABSTRACT 
 
The surface subsidence of the hangingwall in sublevel caving was analyzed by conducting 
numerical analysis of two sections of the Kiirunavaara mine using a finite element method. 
The caving process was explicitly simulated by adding voids moving up from the extraction 
level and changing the properties of the material when the void was filled. Subsidence, 
stresses, shear strain and plasticity were used to assess the hangingwall failure. Based on the 
estimated failure location on the ground surface, the break angle and the limit angle were 
calculated for different mining levels. The results indicate that the break angle and the limit 
angle are almost constant for deeper mining levels. However, the limit angle differs between 
sections with different rock mass strength. Moreover, the break angle could be altered by 
large geological structures. 
 
1.  INTRODUCTION 
 
The hangingwall in sublevel caving is undercut, inducing its progressive failure and caving. 
However, when the orebody is vertical or very steeply dipping, failure is also induced in the 
footwall (Kvapil, 1992). In order to predict surface subsidence, two types of deformations 
need to be analyzed – large deformations within the cave zone and small deformations around 
the cave (Brown, 2003). As a result of large deformations, discontinuous subsidence can be 
seen on the hangingwall and sometimes on the footwall (see Figure 1). Continuous subsidence 
is associated with small deformations only detected using monitoring techniques.  
In the Kiirunavaara mine, the extension of the discontinuous deformation zone is limited by 
the break angle which is the angle measured from the horizontal to a straight line drawn from 
the extraction level to the farthest surface crack as is shown in Figure 1. The break angle has 
been estimated for the hangingwall with relative success using limit equilibrium methods 
assuming different failure modes such as planar, wedge-like and circular (Herdocia, 1991; 
Lundman and Vollen, 1991; Lupo, 1996). On the other hand, the limit of the continuous 
deformation zone has been defined by the value of 2 cm of horizontal deformation. However, 
the extent of disturbances can not be estimated using limit equilibrium methods, instead it has 
been determined analyzing surveying data. 
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Figure 1 Limits of the ground surface subsidence  

Recently numerical methods have been used to analyze both types of deformations at the 
surface and subsurface increasing the understanding of the progressive failure process of the 
hangingwall. The main problem with continuous methods is how to deal with the caved rock 
produced by the caving process. The earliest studies of the Kiirunavaara mine did not consider 
caved rock in the models (Stephansson et al, 1978; Singh et al, 1993). As a result, tensile 
failure was the primary failure mechanism in the hangingwall. Later, Lupo (1999) proposed a 
new approach using a plastic model in a finite difference program (FLAC). In this approach 
the failed rock mass was converted into caved rock and then replaced by equivalent horizontal 
and vertical tractions, which were applied as distributed pressures along the entire mined void. 
The results indicated that a wedge-like failure occurs in the hangingwall similar to that stated 
by Hoek (1974). A different approach was used by Sjöberg (1999) who modelled the caved 
rock as a material with very low stiffness and even lower for the zone representing the active 
mining level and the zone of the caving, which extended vertically up from the active mining 
level. With this model the caved rock could experience large displacements and create shear 
forces on the walls by the relative displacement. The result showed that circular failure in the 
footwall is likely to occur only for low rock mass strength. 
A new model is proposed in this paper using an elastic-brittle-plastic material in a finite 
element program PHASE2 (Rocscience, 2007). The CAD environment of the program 
facilitates the model construction and enables changing the element properties at different 
stages in a simple way without the knowledge of a programming language. The model 
generated was tested in two mine cross sections of the mine, i.e., Y2300 and Y1500. These 
sections, which satisfy the criteria for analysis in two dimensions (Herdocia, 1991; Lupo, 
1996; Sjöberg, 1999), are located in the northern portion of the mine where subsidence is 
reaching the city of Kiruna (see Figure 2). Moreover, previous stability analyses of the 
hangingwall were carried out using section Y1500 (Stephansson et al, 1978; Herdocia (1991) 
and section Y2300 shown in Figure 3 (Lupo, 1996). Therefore, there is data available to 
calibrate the models for these sections. 
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Figure 2 Plan view of the mine area 
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Figure 3 Mine section Y2300 

 
2.  MODEL SET-UP 
 
The conceptual model of caving developed by Duplancic and Brady (1999) contains five 
regions, i.e., caved zone, air gap, zone of discontinuous deformation, seismogenic zone and 
surrounding rock mass. The caved zone is composed of failed rock fallen from the cave back; 
the air gap is an empty space between the caved rock and the cave back; the zone of 
discontinuous deformation is a zone of loosening of the cave back where rock experience 
large-scale displacements; the seismogenic zone is the area surrounding the zone of 
discontinuous deformation where seismic activity takes place due to slip on joints and brittle 
failure of rock; and the surrounding rock mass is the zone around the seismogenic zone where 
only small deformation occurs. Regarding this model, the first two zones were explicitly 
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simulated by changing the material properties of the overlying rock of the undercut level. The 
empty space (air gap) added in the model allowed large displacements that induce the failure. 
Otherwise, the failure will be inhibited by the pressure of the caved rock. To perform the 
stability analysis a simple elastic-plastic material model was considered. 
 
2.1 Model approach 
 
The total size of the models was 6000 x 2370 (width x depth) with a uniform triangular 
element mesh. The mesh density was increased in the upper part of the model until level 1100 
to increase the resolution close to the free surface and close to the excavation. The total 
number of elements was 22119 for section Y2300 and 18866 for section Y1500. The orebody, 
which is inclined 60O, was divided into blocks of 50 m height and 40 m width with smaller 
blocks added where the section was wider as shown in Figure 4. The hangingwall was divided 
into blocks of 50 m height and 28 m width.   

 
Figure 4 Close view of the caved area 

The mining sequence is shown in Figure 5. Firstly, the ore block closest to the hangingwall is 
extracted (Figure 5a). In the next stage (b) the adjacent ore block on the same level is 
extracted. At the same time the previously mined block is filled with caved rock and the first 
overlying block of the hangingwall is replaced with empty space to simulate the air gap. The 
air gap and the mined block are then filled with caved rock (c) and the mining is advanced to 
the next level while the air gap is advanced vertically up to the next block in the hangingwall. 
When caving reached the ground surface, the surface profile was adjusted to be in agreement 
with the actual level of the caved rock in the field. 

 
                         (a)                                           (b)                                             (c) 
Figure 5 Mining sequence 
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The vertical and horizontal displacement in the model is controlled by the number of blocks 
converted to caved rock at each stage and their size. This fact was used to calibrate the model 
employing surface subsidence data from the hangingwall. 
 
2.2 Rock mass properties 
 
The Geological Strength Index (GSI) was evaluated in the field to estimate the rock mass 
strength using the RocLab program (Rocsience, 2006). The sections Y1500 and Y2300 
showed different average GSI values, 62 and 70 respectively, which gave the opportunity to 
study the influence of the rock mass strength on the results. The same values of intact rock 
properties were used in both sections with a rock density of 2700 kg/m3, mi = 18, and an 
average uniaxial compressive strength of 186 MPa. The disturbance factor is difficult to 
quantify because although the rock mass suffer disturbance, it is constrained by the caved 
rock. Thereby, a value 0.5 was considered appropriate. The limits of confining stress over 
which the relationship between the Hoek-Brown and the Mohr-Coulomb criteria were 
considered is 0 < σ3 < 16.5. The upper limit of confinement was determined assuming a rock 
slope of 800 m height. The residual values of friction angle and cohesion were obtained from 
back-calculated strength data for the Kiirunavaara hangingwall (Lupo, 1997) assuming a 
planar failure intersecting a tension crack. The dilation angle was estimated using 0.66φ (peak 
friction angle) (Rocscience, 2007). The same rock properties were used for the footwall and 
ore changing only the rock density, 2800 kg/m3 and 4700 kg/m3 respectively. 
The properties of the caved rock were obtained from previous analyses (Stephansson et al., 
1978; Lupo, 1996). The input parameters used in the models are shown in Tables 1 and 2. 
 

Table 1 Mechanical properties of the caved rock 

Density 2000 kg/m3 

Young’s Modulus 200 MPa 

Poisson’s Ratio 0.25 

Friction angle (peak and 
residual) 

35˚ 

Cohesion (peak and 
residual) 

0 

 

Table 2 Rock mass properties for the mine sections Y2300 and Y1500 

Parameter Mine section Y1500 Mine section Y2300 
GSI 62 70 
Density (kg/m3) 2700 2700 
Young’s Modulus (GPa) 6.7 12.7 
Poisson’s ratio 0.22 0.22 
Tensile strength (MPa) 0.4 0.8 
Cohesion (Mpa) 5.8 7.1 
Friction angle (˚) 44 47 
Dilation angle (˚) 29 31 
Residual cohesion (MPa) 1 1 
Residual friction angle (˚) 37 37 
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2.3 Stress data 
 
Thus it was decided to apply the normal stress components derived by Sandström (2003) from 
regression analyses of overcoring measurements. 

zew 037.0=σ                                                                                                                             

zv 029.0=σ                                                                                                                                 

zns 028.0=σ                                                                                                                                 
where 
σew  = horizontal virgin stress in MPa in the East-West direction  
σv   = vertical virgin stress in MPa 
σns   = horizontal virgin stress in MPa in the North-South direction 
z     = depth in meters below the ground surface 
The relation between the major principal stress (σew) and the vertical stress is 1.28. However, 
the average relation applied in different analyses is 1.5 (Sandström, 2003). Both values were 
used in different models and no significant influence in the results was found. 
 
3.  MODEL RESULTS AND INTERPRETATION 
 
The first sign of instability on the ground surface is a crack that grows while mining advance. 
However, because the movement of the hangingwall is constrained by the caved rock, this is a 
slow process which depend on the rate of extraction in the mine. Therefore, it is difficult to 
determine in the field when the total failure is reached because it is not possible to see the 
collapse of the failed block. To overcome this problem, time-displacement curves were used. 
These types of graphs are commonly used to predict the failure of rock slopes in open pits 
(Zavodni, 2000). As an example, Figure 6 shows the curve of total cumulative vertical 
displacement versus time for the surveying station L6 located in the mine section Y1500. The 
curve is classified as transitional with a regressive phase and a progressive phase (Broadbent 
and Zavodni, 1982). The point of inflection in the curve is defined as the onset of failure and 
its value is considered by the author as the critical vertical displacement, CVD. Based on 
surveying data reported by Dahnér and Stöckel (2006) it was estimated that the CVD varies 
between 0.6 to 0.8 m for the sections used in the analysis. The failure surface defined by the 
CVD is used together with other indicators such as yielded elements, maximum shear strain, 
and stress concentration. Figure 7 shows section Y2300 with the ore extraction at level 800. In 
this figure a CVD value of 0.8 m is plotted together with the major principal stress contours. It 
can be seen that there is stress concentration outside of the assumed failed zone. 
 

(3)

(2)

(1)
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Figure 6 Time-displacement curve of station L6 located on the section Y1500 

 
Figure 7 Failure limit defined by a vertical displacement of 0.8 m and the contour of major 

principal stress for a mining extraction at 800 meter level (section Y2300) 

The limit of the maximum shear strain of 0.04 is almost coincident with the failure surface in 
both sections when the production level is deeper than the level 400 m while for lower levels 
the shear failure is not clear. In the analytical model developed by Lupo (1996), shear failures 
did not occur until the mining level 500 m was reached. In his opinion, the results indicated 
that the failure mechanism was different in the early stages of the sublevel caving operation. 
Field observations indicated that toppling failures tend to occur close to the pit boundaries. 



 94

An additional indicator of failure in the model is the elements yielded in shear (Figure 8) and 
in tension (Figure 9). Close to the surface, the zone of tensile failure extends beyond the 
failure limit established by the CVD.  
Vertical bands of elements yielding in tension in the hangingwall and footwall which could 
indicate the formation of tension cracks on the ground surface are evident in Figure 9. This 
phenomenon can be found in the field on the hangingwall but not on the footwall. It could be 
because the same rock mass properties were used for both footwall and haningwall in the 
model, while in the field, the footwall shows better rock mass quality. On the other hand, 
when the rock mass strength is low, the yielded elements are more distributed and there is no 
band effect. 
The failure surfaces were defined by the CVD and stress concentration. However, section 
Y2300 only showed elements yielding in tension close to the surface. This fact suggests that 
this zone is prone to the formation of tension cracks. Therefore, when the failure plane 
reaches this zone, a vertical line was drawn connecting the plane assuming there is a vertical 
tension crack. The shape of the plane, in both sections, shows some curvature when there is a 
change in width of the orebody and almost a straight line when the width of the oreboy is 
constant. Additionally, the spacing between failure planes is reduced when the orebody width 
is reduced.  
Once the failure location on the haningwall surface for different mining depths was 
determined in the model, break angles for each section were calculated and compared with the 
values obtained in the field. For section Y2300 a constant break angle of 65˚ was calculated 
and 64˚ for section Y1500 (Figure 10). However, variations in the break angle were found 
when the width of the orebody changed. 
 

 
Figure 8 Yielded elements failing in shear (section Y2300) 
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Figure 9 Yielded elements failing in tension (section Y2300) 

In addition, the boundary of the subsidence area was calculated using the limit angle which is 
defined in this study as the angle measured from the horizontal to the extreme point where the 
subsidence affects the surface. An accumulated 2 cm of horizontal displacement is used in the 
mine to determine the extreme point. However, the model showed large zones of influence 
while this criterion was applied. Instead 2 cm of vertical displacement was used considering 
that the model was calibrated using subsidence. Thus, a constant limit angle of 35˚ was 
calculated for section Y1500. However, section Y2300 shows that the limit angle flattens 
when mining deepens, converging to 41˚ after the level 800 m. One explanation could be that 
the topography influenced the behaviour of the hangingwall. 
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Figure 10 Break angle at different mining depths for the mine section Y2300  

 



 96

In the Kiirunavaara mine several lineaments have been identified by Magnor and Mattsson 
(1999). The lineaments have been correlated to geological structures in the field that tend to 
form steps or large tension cracks and could extend or reduce the surface subsidence. The 
structures were added to the models to analyze its effect on the hangingwall failure. The 
structures showed yielding close to the surface when the assumed failure plane was almost 
100 m away. It is likely that structures dilate and as a result, a surface crack may appear 
producing a flatter break angle. Other indicators such as displacement and stress were not 
significantly altered by the structure.  
Finally, no appreciable difference was noticed in the results by changing the relation of the 
horizontal stress (the major principal stress) to the vertical stress (the minor principal stress) 
from 1.2 to 1.5. 
 
4.  CONCLUSIONS AND COMMENTS 
 
The numerical model was able to represent the general behaviour of the rock mass at the 
northern and central part of the hangingwall using an elasto-brittle-plastic material and by 
explicitly simulating the caving process through changing material properties at each stage.   
With depth, the numerical model shows yielded elements failing in tension on the surface of 
the hangingwall and footwall. However, while the quality of the rock mass is good, the 
yielded elements appear along uniformly spaced vertical bands. In the south part of the 
Kiirunavaara mine, where the rock mass is very strong, large tension cracks being coincident 
in location with lineaments have been observed. It seems that deformation accommodate 
better along joints while the rock mass has low quality otherwise there is a tendency to 
concentrate deformation along large discontinuities.  
Below this zone of tension cracks, shear failure occurs from the undercut level connecting the 
cracks at the surface. With depth, the shape of the failure plane changes starting with a steep 
planar failure that may be related to a toppling failure and thereafter changing to a wedge-like 
failure below mine level 400 m. 
The break angles in sections Y1500 and Y2300 are converging to the same value 64-65O after 
the mine level 800. On the other hand, the limit angle seems to be influenced by the rock mass 
strength being 35O for section Y1500 with lower rock mass quality and 41O for section 
Y2300.  
Finally, the model showed limitations to analyze the effect of geological structures on the 
final displacement. However, it showed that structures yielded around 100 m behind the 
estimated failure plane which could indicate that fractures could appears in the zone of 
continuous deformation due to structure dilation. 
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ABSTRACT 
 
PFC2D has been widely used to mimic the mechanical behaviour of intact rock under 
different loading conditions. Recently, several attempts to represent the mechanical behaviour 
of the rock mass have been carried out using this particle flow code by representing the rock 
mass as intact rock that loses strength by adding discontinuities with different geometrical 
conditions and mechanical properties. This approach is used in this work to analyze the effect 
of the caved rock on the surface subsidence in the hangingwall at the Kiirunavaara mine in 
Sweden. One cross-section of the North part of the mine was selected for analyses in two 
dimensions. The numerical simulations indicate that although tension cracks develop at the 
surface the primary failure mechanism in the hangingwall is shear. In addition, the model 
showed that the caved rock and the backfill in the pit provide support to the footwall and 
hangingwall reducing the effect of subsidence in magnitude and extension.  
 
1.  INTRODUCTION 
 
Subsidence is an expected effect of mining with caving methods. This induced subsidence is a 
complex phenomenon that shows different surface expressions depending principally on the 
mining method employed, the geometry of the orebody, the in situ stresses, structural 
geology, and the rock mass strength. Caving methods such as block and sublevel caving 
generate large deformation and discontinuous subsidence on the ground surface. In the 
particular case of sublevel caving the disturbances are significant on the hangingwall. For 
instance, the Kiirunavaara mine shows large (extension and magnitude) surface and 
subsurface deformation. Due to its geometrical conditions, the stability analysis can be 
simplified into two dimensions because the orebody is sufficiently long compared to its width 
to assume plane strain conditions.  
The Kiirunavaara mine, owned and operated by LKAB, is located in northern Sweden to the 
west of the city of Kiruna (Figure 1). The tabular orebody, which lies between a thick 
sequence of trachyandesitic lavas (footwall) and pyroclastic rhyodacites (hangingwall), strikes 
12O north-west and dips 60O east towards the city; it is 4000 m long and extend at least down 
to 1300 m below the ground surface (Bergman et al, 2001), with an average width of 80 m.  
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Figure 1 Horizontal map of the Kiirunavaara orebody (Lupo, 1996) 

Two types of surface subsidence have been detected, continuous and discontinuous 
subsidence. The former, which extends the farthest from the mine, shows  only elastic 
deformation or continuous non-elastic strain (Singh et al, 1993) that can only be detected by 
surveying. The latter takes place closest to the mine and is characterized by a fractured zone 
with fractures and steps and a caving zone with sinkholes or chimneys. The hangingwall is 
progressively failing in large blocks as the mineral extraction deepens. These semi-intact 
blocks experience a progressive loss of cohesion degrading the rock to a cohesionless material 
that flows downwards by gravity to the undercut level.   
Two difficulties have been identified while studying the progressive failure of the 
hangingwall. One is the estimation of the rock mass strength and the other is the effect of the 
interaction between the hangingwall, the caved rock, and the footwall. The first difficulty has 
been handled by performing back analysis of previous failures and by using rock mass 
classification systems to estimate the rock mass strength. The interaction between the 
hangingwall, the caved rock and the footwall has been treated differently by different 
researchers. In several stability analyses, it has been assumed that during hangingwall or 
footwall failure there is no stabilizing effect in the caved rock (Herdocia, 1991; Hustrulid, 
1991; Dahnér-Lindqvist, 1992). On the other hand, Lupo (1996) modified the Hoek’s limit 
equilibrium method (Hoek, 1974) by considering traction forces during draw and interaction 
between the hangingwall and the footwall in the model. It was assumed that the caved rock 
provides support to the hangingwall and footwall under static conditions when no draw is 
carried out but during active draw the generated traction forces increase the magnitude of the 
shear stresses in both walls. Later the same principle was applied in a numerical simulation of 
the progressive failure of the hangingwall by Lupo (1999) to predict not only the extent of the 
surface subsidence but also the magnitude. The program FLAC (Itasca, 1998) was used and 
the mining operation was simulated as follows: 1) extraction of a single mine ore level, 2) 
application of the calculated horizontal and vertical equivalent surface tractions, 3) iteration of 
the model until equilibrium, and 4) conversion of the failed rock into caved rock. Although 
Lupo’s prediction of the hangingwall failure appeared relatively successful, the deep-seated 
failures predicted in the footwall have not yet been observed.  
Two-dimensional physical models were carried out by Stephansson et al (1978). The results 
indicated that the caved rock does not increase the steepness of fracture angles but reduce the 
extent to which existing fractures open. Later, based on the same type of analysis, Lupo 
(1996) described that the footwall would fail without the support of the caved rock. Moreover, 
the tests showed that instabilities increase with increasing mining depths.  
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In another attempt to analyze the footwall failure Sjöberg (1999) conducted numerical 
simulations using a finite difference code (FLAC). In this analysis, the caved material was 
represented by a plastic material with very low stiffness. The model could show failure in the 
footwall only for very low rock mass strength due to the significant lateral support provided 
by the caved material. It was concluded that the caved rock was not accurately simulated by 
this continuum method. 
In this paper as a part of the hangingwall subsidence research project between supported by 
LKAB and Hjalmar Lundbohm Research Centre (HLRC), the PFC2D program (Itasca, 2005) 
has been selected to analyze the interaction between the hangingwall, the footwall and the 
caved rock in the mine section Y1500 of the Kiirunavaara mine taking into consideration the 
crushed material added to fill the open pit in the early stages of the underground mining.  
 
2.  SECTION Y1500 DESCRIPTION 
 
In the chosen cross section Y1500, the rock mass is heavily jointed and can thus be 
considered homogeneous and isotropic. As a result, this section shows good cavability and 
chimneys, which collapse in a few months after creation. In addition, this section is located in 
the northern part of the mine where the hangingwall is close to the City of Kiruna (see Figure 
1) and the ground surface of the footwall is close to the mine installation and buildings. At the 
end of the open pit operation, the pit was partially filled with crushed rock from the 
underground mine. Figure 2, which represents section Y1500, shows two orebodies. Though 
in the following representations the thin orebody does not appear, it was excavated in cuts of 
15 x 10 m together with the main orebody. In addition, Figure 3 shows the farthest crack 
observed on the ground surface and the corresponding level of extraction during the 
observation.  
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Figure 2 Cross section Y1500 (view from the north) 

After an exploration campaign, Stephansson et al (1978) carried out finite element and 
physical model studies of this section, concluding that the failure mode is a combination of 
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toppling and shear failure. During the caving process, tensile fractures develop first on the 
surface and are followed by shear failure along a sliding plane. Limit equilibrium analyses 
were conducted to analyze the hangingwall stability (Herdocia, 1991; Hustrulid, 1991; Lupo, 
1996) to predict the break angle. Additionally, the method was used to back-calculate the rock 
mass strength. The cohesion was varied from 0.56 MPa to 1.18 MPa and the friction angle 
was varied from 32O to 39O. These values were calculated for the point of failure where the 
hangingwall has already experienced large deformation. It is reasonable to assume that these 
values are not representative of the peak strength and they may be closer to the residual 
strength. 
 
3.  ROCK MASS SIMULATION USING PFC 
 
With the particle flow code, PFC2D (Itasca, 2005) it is possible to overcome the problems of 
continuum methods to simulate caving and gravity flow in the hangingwall. This code has 
been able to simulate the mechanical behaviour of the intact rock under different loading 
conditions (Potyondy and Cundall, 2004). Recently, several attempts to estimate the rock 
mass properties, brittleness and strength have been carried out by creating discontinuities into 
the PFC models. Wang et al (2003) analyzed the influence of discontinuities in the 
mechanical response of jointed rock masses in rock slopes. The joints were included explicitly 
created by debonding contacts along planes. An 80 m wide and 60 m high model was created 
using 24212 particles to analyze the stability of a heavily jointed rock slope of with a dip of 
60O and a height of 40 m. Firstly, the micro-properties were set up to represent the macro-
properties of an intact rock. In a second stage eight sets of discontinuities with dips of 22.5O, 
45O, 67.5O, 90O, -22.5O, -45O, -67.5O and 0O were added. A joint spacing of 3 m and a 
maximum joint segment length of 10 m was used. The joint properties such as friction and 
bond strength were set to zero. The joint persistence was varied from 90% to 70% and 50% to 
study their effect on the final model response. The model was only tested under gravity loads. 
The results showed that the slope stability was depending on the joint sets, spacing and joint 
persistence. 
On the other hand, Park et al (2004) developed a discrete fracture network model for the Äspö 
HRL. The fracture traces were exported to a 30 m x 30 m PFC model. In the PFC model the 
fractures appeared as bands of finite number of particles, and then the micro-properties of the 
particles that lie on the fractures were modified. Several compressive tests were carried out on 
synthetic material with different joint sets concluding that the values of Young’s modulus, 
peak strength and crack initiation stress decreased to about 50% of those of rock mass without 
joints, while the Poisson’s ratio showed small changes. Furthermore, the mechanical 
behaviour of the PFC model changed from brittle to perfectly plastic with a slight increase in 
the residual strength.  
A new methodology has been proposed by Pierce et al. (2007) to develop a synthetic rock 
mass model for jointed rock in 3 dimensions. The rock is simulated as an assembly of bonded 
spheres with an enclosed discrete network of disc-shaped discontinuities. A new sliding-joint 
model was used to overcome the problems of the roughness or bumpiness induced by the 
particles. 
 
4.  MODEL CALIBRATION 
 
In this work, the numerical rock mass created in the PFC2D model consists of blocks of 
synthetic material delineated by joints. The variation of particle size and joint length assures 
the variance of the block size and shape. The synthetic material was calibrated following the 
procedure described by Potyondy and Cundall (2004) for a contact bond model. Several 
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biaxial and Brazilian numerical tests were carried out on a 100 x 200 m model. The program 
provides a package of files (FisTEnv-Testpack) to perform the tests. The final micro-
properties of the model are given in Table 1 and the resulting macro-properties and 
deformation constants are given in Table 2. The particle density in Table 1 was adjusted from 
2700 kg/m3 to 3700 kg/m3 taking into consideration that the gravitational load is reduced by 
the inherent porosity in the particle assembly (Wang et al, 2003). 

Table 1 Micro-properties for the synthetic rock 

Property Value 
Minimum radius (m) 0.5 
Rmax/Rmin 3 
Density (kg/m3) 3700 
Normal stiffness (GPa) 90 
Shear stiffness (GPa) 36 
Friction coefficient of ball surface 0.5 
Contact bond normal strength (MPa) 40 
Contact bond shear strength (MPa) 160 

 
It can be seen in Table 2 that the tensile strength of the model is higher than for the real rock. 
Although no attempt was made to improve this parameter, the model can be improved by 
clumping particles (Cho et al, 2007). However, it was expected that the tensile strength of the 
rock mass will be controlled by joints.  
In this study, the procedure to create the synthetic rock mass used by Wang et al (2003) was 
followed. After calibration of the synthetic rock, six joint sets were added to the model trying 
to represent the main structural domains. The joint sets 180O/70O, 112O/80O, 114O/42O, 
239O/60O, 335O/52O, and 025O/44O resulted from underground fracture mapping campaign 
conducted by Chizari (1988) in the northern part of the mine. The joint inclination was 
obtained by stereographic projection on the vertical plane that represents the mine section 
under consideration. The joint set parameters are shown in Table 3. The joint spacing was 
fixed to a value of 10 m, which was judged to be a representative value in large scale. The 
area ratio is the fraction of a joint plane occupied by joint segments which are placed 
randomly along the joint plane. For instance, a value of 0.5 means that 50% of the plane is 
formed by segments and the size of each segment is assigned randomly by the parameter 
radius. These two parameters define the joint persistence and were determined by trial and 
error until the model strength showed a reasonable value. Finally, non-contact forces were set 
to zero. Again, several biaxial and Brazilian numerical tests were carried out on a 100 x 200 
m model. The final strength and deformability of the model is shown in Table 4. 

Table 2 Peak strength of the intact rock and the synthetic rock 

Property Ore* Footwall* Hangingwall* Numerical 
Uniaxial compressive strength 
(MPa) 

135 – 185 90 – 430 100 – 280 123.5 

Tensile strength (MPa) 10 10-12 12 34  
Young’s modulus (GPa) 60 - 100 44 - 80 37 - 81 74  
Poisson’s ratio 0.18–0.28 0.14-0.27 0.14 - 0.27 0.24 
Internal friction angle (degrees)  22-43˚ 35-38˚ 48˚ 
Cohesion (MPa)  16-108 88-117 24.5  

* Sjöberg et al, 2001 
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Table 3 Joint set parameters 

Joint parameter Value 
Area_ratio 0.9 
Radius  0.9 
Spacing  10 m 
Dip (degrees) 12, 24, 41, 79, -25, -38 
Friction 0.4 
Contact bond normal 
strength  

0 Pa 

Contact bond shear 
strength 

0 Pa 

Table 4 Peak strength of the rock mass and the model 

Property Numerical rock 
mass 

UCS (MPa) 14.3  
Tensile strength (MPa) 1.6  
Young’s modulus (GPa) 22.6  
Internal friction angle 
(degrees) 

51 

Cohesion (MPa) 2.7  
 
The numerical model loses brittleness when the number of joint sets was increased and the 
uniaxial compressive strength was reduced from 123.5 MPa to 14.3 MPa. Furthermore, the 
modulus of deformation was reduced from 74 GPa to 22.6 GPa. 
 
5.  MODEL DEVELOPMENT 
 
Firstly, a rectangular, 2900 m wide and 770 m high, assembly was generated. The radius of 
those particles located far from the zone of analysis was increased to reduce the number of 
particles to 77465 before excavation. When the assembly reached equilibrium and 0.16 of 
porosity, the particle density was adjusted to induce the in-situ vertical stress. Thereafter, the 
lateral walls were slowly adjusted to increase the horizontal stress until a value of 1.28 times 
the vertical stress was obtained. This ratio was also used in a finite element analysis of section 
Y1500 (Villegas, 2008) as the global in-situ stress condition. At this stage the contact bond 
properties were added. Each joint set was created in a different origin and the joint number 
was large enough to cover the whole model. The open pit was excavated extracting the whole 
level. In each step the model was run until equilibrium. When the open pit was complete, it 
was backfilled to the level observed in the field. The backfill consists of crushed rock with a 
uniform size around 20 to 30 cm. However, to avoid an excessive quantity of particles in the 
model instead an average particle radius of 1 m was used. For the underground excavation the 
cut size was reduced to 10 x 10 m. 
To compare the effect of the backfilled material in the pit a second model was ran with the 
same mining sequence but no filled material was added to the pit. The mine induced 
subsidence was measured in the model tracking 20 particles located at the surface simulating 
a surveying line with 20 stations located every 20 m. Figure 3 shows the surface profile with 
mine coordinates in the X direction (East-West) for both models when they reach the same 
mining level. The magnitude and extension of the surface subsidence is larger for the model 



 105

without backfill which indicates that the crushed rock constrained the hangingwall 
deformation.  
Figure 4 shows the condition when the extraction reached the level 400 m. The surface 
expression of this model shows similarities with the real subsidence, i.e., step failure and the 
formation of a hole that may represent a large tension crack or a crown hole.  
Figure 5 shows the surface profile of the model with backfill generated when the extraction 
reaches the levels 400 m, 500 m and 600 m. It has been estimated that surface cracking 
initiate when subsidence is approximately 20 cm (Chizari, 1988). This value was used to 
locate in the model the point of surface cracking together with the cracks mapped in the field. 
It can be seen in Figure 5 that there is an increase in the radius of curvature of the surface 
profile generated by the induced subsidence while mining deepens. Surface surveying data of 
the hangingwall show the same tendency as the model.  
During draw the caved rock and the backfill above the undercut level move vertically 
downward (Figure 6). However, at the toe of the hangingwall the rock mass deforms and fails 
towards the footwall sometimes arresting the movement of the backfill. When the material at 
the surface sinks then there is a lateral movement of the caved rock and backfill toward the 
lower sinking zone as shown in Figure 6. On the other hand, the model shows only local 
failures on the footwall face close to the undercut level by the action of the traction forces 
during draw. No progression of these failures was observed because when the undercut level 
moves down-dip these failures are stabilized by the caved material. 
Figure 7 shows failure on the footwall in the model without backfill when the mining reached 
the level 400 m. Therefore, the backfill and the caved rock provide support to the footwall 
even during draw contradicting Lupo’s assumption of increasing shear forces during this 
period. 
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Figure 3 Surface profile of the model with and without backfill at the same mining level 
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Figure 4 Surface expressions of the subsidence 
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Figure 5 Surface profile of the model at different mining stages 
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Figure 6 Caved rock movements during draw 

 
Figure 7 Displacement in the model without backfill 

 
7. COMMENTS AND CONCLUSIONS 
 
The work presented in this paper showed that although the sliding-joint model was not 
applied the PFC2D model used in the analysis was capable of simulating the progressive 
failure of the hangingwall at the Kiirunavaara mine. The model indicates that the caved rock 
located above the undercut level moves vertically downwards, thus creating a depression in 
the surface profile. A second movement at the surface also occurred where the caved rock 
moves almost horizontally towards the depression. The movement of the caved rock and the 
backfill during draw decrease their support to the footwall and the hangingwall but do not 
increase significantly the shear forces on the footwall side. This could indicate the formation 
of a stationary zone (Chen and Boshkov, 1981) or passive zone (Kvapil, 1992). Therefore, the 
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assumption that the shear force increases during draw overestimates the driving forces, thus 
reducing the safety factor in a limit equilibrium analysis. This fact could explain why the 
predictions by Lupo (1996) about large footwall failures while mining deepens have not 
occurred.  
Above the mining level the hangingwall fails and tends to move laterally towards the footwall 
exerting pressure that is transmitted through the caved rock to the footwall. When the caved 
rock was composed of large blocks, arching was observed. This effect was also observed in 
physical models conducted by Lupo (1996). 
The increase of the curvature radius of the surface profile with increasing mining depths agree 
with surveying data and surface fracture mapping, which indicate that the zone of continuous 
deformation is extending but the magnitude of subsidence is decreasing.  
Finally, it was found that the rock mass strength can be simulated by adding joint sets to the 
synthetic rock generated with PFC. The model shows a reduction of the modulus of 
deformation and the strength, along with a change in behaviour from brittle to plastic. 
Therefore, if the joint sets are properly characterized in the model, the rock mass strength can 
be back calculated. 
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