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Summary
The interaction of the geological and mining environments leads to a variety of 
forms of rock mass behaviour, including seismicity and falls of ground. A 
precise understanding, however, of the role of geology in rock mass behaviour 
experienced by Luossavaara-Kiirunavaara Aktiebolag’s (LKAB) Kiirunavaara 
Mine remains unknown. 

Since late 2008, the sublevel caving mine regularly experiences induced 
seismicity (Dahnér et al., 2012). Seismic events occur in the footwall, orebody, 
and hangingwall. Instabilities, sometimes related to specific seismic events, are 
unevenly distributed throughout the rock mass. Failure mechanisms of these 
instabilities include structurally controlled failure (sometimes as shake down), 
strainbursting and spalling, which are typically a result of local stress changes. 
Occasionally, these falls of ground are rockbursts; violent ejections of rock 
causing damage to infrastructure and/or personnel that are caused by remote 
seismic events. 

Some previous work has been done at the Kiirunavaara Mine for both specific 
events and specific volumes to better understand the rock mass behaviour (see 
e.g., Sjöberg et al., 2011, 2012). However, the causes of the uneven distribution 
of both seismicity and instabilities at the mine are not understood, particularly 
at the mine-scale. As part of a larger Ph.D. project, this study explores the role 
of geology in the mine-scale behaviour at the Kiirunavaara Mine. This is done 
through two approaches: 1) exploratory numerical stress modelling, and 
2) development of a geomechanical model of the rock mass. 

The exploratory numerical modelling of the mine evaluated common 
assumptions made by researchers and consultants when completing numerical 
stress modelling of this orebody. A previously estimated virgin in situ stress 
state was applied in a 3-D model developed of the nearly 5 km long orebody 
and surrounding host rock. The model had definition between footwall, ore and 
hangingwall materials. Run as a continuum for this analysis, the stresses from 
the elastic and perfectly plastic models corresponded to stresses recently 
measured in situ at two sites using overcoring, indicating that the estimated 
virgin stress state is consistent at depth. Alternating two commonly used 
perfectly plastic material properties for the footwall significantly influenced the 
location of plastic failure throughout the rock mass, including in the 
hangingwall. A physical alignment of plastic failure from the models and mine 
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seismicity for the entire rock mass was not found for the plastic properties 
evaluated. Large magnitude shear events tended to be external to plastic failure. 
The difficulties relating plastic failure to seismicity can be associated with a 
number of causes, including that the rock mass characteristics were too 
simplified (for example, no discontinuities were included, the only geological 
units included were the footwall, hangingwall and orebody, etc.) to represent 
the rock mass behaviour. 

A geomechanical model of the rock mass is needed to better understand 
characteristics of the rock mass in addition to those included in the stress 
models, which may be of importance to behaviour. Due to a complex, 
heterogeneous and clay-altered rock mass, a new methodology was developed 
to create a geomechanical model. The methodology is based upon statistics, 
geostatistics, and an extension of previous quantitative domaining work. Clay 
volumes (represented by a model based on borehole data calibrated to 
underground mapping) correlated to the geomechanical characteristics and 
behaviour of the rock mass. The rock mass in the immediate vicinity of the 
volumes of clay alteration had lower RQD values, more random jointing, and a 
higher concentration of falls of ground than the surrounding rock mass. The 
correlation between the geomechanical model and the falls of ground lead to the 
development of a new conceptual model of some of the mine-scale rock mass 
behaviour, in which the clay volumes play a significant role in stress 
redistribution. 

The understanding developed through this study has laid the framework for 
future analysis of a more advanced and complex nature. Numerical stress 
analysis will be used to test the conceptual model developed and further analyze 
the relationship between geology and mining, with the intention of improving 
the understanding of the causes of rock mass behaviour. This improved 
understanding has the potential to aid with selection of production planning 
alternatives for risk mitigation, not only for the Kiirunavaara Mine, but for 
other highly stressed, hard rock environments. 
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Sammanfattning
Samverkan mellan geologi och gruvbrytning leder till ett antal olika beteenden 
hos bergmassan, inkluderande bergutfall och seismicitet. En detaljerad 
förstående för geologins betydelse med avseende på bergmassans beteende för 
LKAB:s gruva Kiirunavaara saknas dock. 

Gruvan har varit seismiskt aktiv från 2008, och seismiska händelser 
uppkommer i liggvägg, hängvägg samt i malmen (Dahnér m.fl., 2012). 
Observerade utfall och instabiliteter, som ibland kan knytas till seismiska 
händelser, är ojämnt fördelade i bergmassan. Förekommande brottmekanismer 
inkluderar strukturellt kontrollerat brott, spjälkning samt smällberg. De senare 
orsakas av lokal spänningsomfördelning, men också av seismiska händelser 
som uppkommer på större avstånd från orter och produktionsområden. 

Tidigare arbeten har omfattat analys av specifika seismiska händelser och 
volymer i Kiirunavaara-gruvan (se t.ex. Sjöberg m.fl., 2011, 2012). Men 
orsakerna till den ojämna fördelningen av seismiska händelser och utfall är inte 
känd, särskilt inte i stor (gruv) skala. Denna avhandling, som är en del av ett 
doktorandprojekt, innefattar en studie av bergmassans storskaliga beteende i 
Kiirunavaara-gruvan, med avseende på geologi och geomekaniska förhållanden. 
Två huvudsakliga metoder har nyttjats: 1) numerisk spänningsanalys och 2) 
utveckling av en geomekanisk modell. 

Via numerisk spänningsanalys utvärderades några vanliga antaganden som ofta 
görs, med tillämpning på bergmassan i Kiirunavaara. Tidigare framtagna 
initialspänningar användes i modellerna av den 5 km långa malmkroppen och 
omgivande berg. Geologin simulerades förenklat med liggvägg, malmkropp och 
hängvägg. Endast kontinuumanalyser genomfördes i denna studie. 
Spänningarna från de elastiska samt plastiska modellerna överensstämde väl 
med resultat från nyligen utförda bergspänningsmätningar med överborrning på 
två olika platser. Detta betyder att det antagna initialspänningsfältet gäller även 
på större djup i gruvan. En variation av de plastiska hållfasthetsegenskaperna 
för liggväggen resulterade i en signifikant ändring i lokalisering av plasticering 
i bergmassan, och även i hängväggen. Däremot var det inte möjligt att erhålla 
sammstämmighet mellan lokalisering av seismiska händelser och plasticering i 
modellerna för alla fall. Skjuvhändelser (s.k. "fault slip") med stor magnitud 
tenderade att vara lokaliserade utanför det område som plasticerats i modellerna 
Svårigheterna att relatera plasticering till seismiska händelser kan ha många 
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orsaker, inklusive att bergmassans beteende förenklats i alltför hög grad (t.ex. 
inga sprickor inkluderade i modellen, endast liggvägg, hängvägg och malm 
simulerades som geologiska enheter, m.m.). 

Det finns ett behov av en geomekanisk modell för att bättre förstå bergmassans 
egenskaper, utöver de som ingår i spänningsmodellerna, som kan vara viktiga 
för beteendet. En ny metodik utvecklades för att bygga den geomekaniska 
modellen, eftersom gängse metodik inte är anpassad för komplexa, heterogena 
och ler-omvandlade bergmassor, motsvarande bergmassan i Kiirunavaara. 
Metodiken baserades på statistik, geostatistik och en vidareutveckling av 
tidigare framtagen domänindelningsteknik. En modell av förekomst av 
leromvandling skapades utifrån kartering av borrkärnor. Modellen kalibrerades 
mot observationer av leromvandling från underjordskartering. Förekomst av 
leromvandling i modellen kunde korreleras till geomekaniska egenskaper och 
bergmassans beteende. Bergmassan i närheten av områden med leromvandling 
har högre sprickfrekvens (lägre RQD), mer slumpmässigt förekommande 
sprickorientering och mer bergutfall, jämfört med en bergmassa på större 
avstående från leromvandlade zoner. Korrelationen mellan den geomekaniska 
modellen och bergmassans beteende nyttjades för att ta fram en ny hypotes för 
orsakerna till bergmassans beteende, där leromvandlade zoner spelar en viktig 
roll avseende spänningsomfördelning. 

Den ökade förståelsen som denna studie har gett har lagt grunden för framtida 
analyser av mer avancerad och komplicerad natur. Numerisk spänningsanalys 
kommer att användas för att testa den konceptuella modellen och för att 
fortsätta studera samverkan mellan geologi, geomekanik och brytning i syfte att 
förbättra förståelsen av orsakerna till bergmassans beteende. Denna 
kunskapsuppbyggnad kan bidra till en bättre produktionsplaneirng med 
avseende på risk-minimering, inte bara för Kiirunavaara-gruvan, men också för 
andra gruvor med höga spänningar och i hårt berg. 
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1 Introduction
As a deep, hard rock mine, Luossavaara-Kiirunavaara Aktiebolag’s (LKAB) 
Kiirunavaara Mine experiences rock mass behaviours that typify deep mines. 
The rock mass is seismically active and falls of ground are stress, strain and/or 
structurally related. It is clear that these forms of behaviour are a result of the 
interaction between geology and mining, but the interaction is not well 
understood. 

1.1 Background and motivation
Historically, there have been relatively few stability issues underground at the 
Kiirunavaara Mine. However, in 2008, the mine became seismically active 
(Dahnér et al., 2012), and new rock mass failure mechanisms related to the 
seismicity emerged underground. Both mining induced seismic activity and 
instabilities are unevenly distributed throughout the rock mass. The causes of 
the uneven distribution are generally unknown, in particular at the mine-scale. 
Some previous work has been completed on identifying potential cases of 
seismicity and instabilities for specific falls of ground and areas (e.g., Sjöberg 
et al., 2011). 

The mine has used temporal clustering of seismic events to identify possible 
geological structures which are seismically active; however, very few cases 
exist where these structures have been identified underground through 
underground mapping. The geomechanical causes of mining induced seismicity 
and its respective patterns remain unclear. 

The mine also has falls of ground, some of which can be linked to seismic 
events. The vast majority of falls of ground occur in the southern half of the 
mine. The causes of these instabilities at the mine are varied, and cannot easily 
be verified from information in the mine’s database. Failure modes include 
structurally related fallout, strainbursting and spalling. As an example, all of 
these failure modes were present in a series of fallouts in a 10 m span along a 
drift on Level 1198 m associated with a single seismic event of local magnitude 
0.8. Structurally related shake down from the back (Figure 1 a), strainburst 
failure resulting in a sizable ejection of material from the wall (Figure 1 a), 
spalling (Figure 1 b), and failure associated with open discontinuities 
(Figure 1 c) were present. It is not known if the structures were open prior to 
the seismic event related to these fallouts. Some of the falls of ground at the 
mine manifest as rockbursts, violent ejections of rock causing damage to 
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infrastructure and/or personnel caused by a remote seismic event. A 
geomechanical understanding of why some volumes in the mine have different 
stability conditions than others does not yet exist. 

a)  b)  

c)  

 
  

Figure 1 Examples of failure modes in fallouts in one area on Level 1198 m related 
to one seismic event of local magnitude 0.8. 
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An understanding of the causes of rock mass behaviour has the potential to 
provide critical information that can be used for mine design to mitigate rock 
behaviour related hazards. The need for a geomechanical understanding of the 
seismicity and the instabilities at the mine has provided the motivation for a 
number of related projects including this study, as part of a larger Ph.D. project. 

1.2 Objective
The Ph.D. project is designed to explore geomechanical characteristics of the 
rock mass, the rock mass behaviour, and its representation in numerical stress 
analysis over multiple scales. This licentiate thesis focuses on the mine-scale 
behaviour and geomechanical characterization of the rock mass. The aim of this 
study is to define a path forward for future stages of this work. A clear, 
geomechanical understanding of the mine-scale behaviour is required before 
advanced numerical stress analysis models can be developed at any scale. The 
objective of this study is to identify, at the mine-scale, which numerical stress 
analysis simplifications are appropriate, and which rock mass features and 
characteristics are significant to rock mass behaviour. 

1.3 Methodology and research questions
A sketch of the methodology for the entire Ph.D. project is presented in 
Figure 2. This includes not only the mine-scale analysis to understand the role 
of geology, but also analysis at a smaller scale, focused on a specific study 
volume within the rock mass. Results from the large scale analysis will be used 
as inputs to the smaller scale analysis. The study volume was selected as a 
vertical extension of one of the mine’s production blocks because this volume is 
one of the most seismically active volumes in the mine. The location of the 
study block with respect to the remaining orebody is illustrated in Section 3, 
accompanied by a more detailed description of the mine and rock mass. 
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Figure 2 Sketch of Ph.D. project methodology. Items related to this Licentiate 
thesis are greyed. Modified from Vatcher et al. (2014). 

Items in Figure 2 related to the Licentiate thesis are greyed. The scope of the 
Licentiate thesis is limited to large-scale rock mass behaviour at the mine. After 
an introductory chapter containing a brief literature review and a chapter on 
background information related to the Kiirunavaara Mine, there are three 
chapters related to the completed research, with the intention of answering the 
following questions: 

1. What can exploratory numerical stress analysis show about the role of 
geology? Considering some of the common geological assumptions made 
when modelling the stresses at the Kiirunavaara Mine, which are 
appropriate? 

2. Considering the geological environment, what is the best methodology to 
build a geomechanical model of the rock mass at the mine? What is the 
geomechanical model? How are the components related? 

3. Can the mine-scale geomechanical model be correlated to rock mass 
behaviour, thereby telling us which components of the model are 
important? Can a conceptual model of some of the rock mass behaviour 
be developed from this possible relationship? 
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4. At this stage, what, if any, supplementary data collection is recommended 
based on this work? 

5. What does the developed understanding of the role of geology mean to 
future work? 

Chapter 4 addresses topics related to the exploratory numerical stress analysis 
(question 1). Information related to the large-scale geomechanical model and 
it’s comparison to falls of ground is presented in Chapter 5 (questions 2, 3, and 
5). Chapter 6 discusses the implications of the results (all questions). Chapter 7 
concludes this manuscript, includes a list of contributions as a result of this 
study, and suggestions for future work related to the Ph.D. (questions 4 and 5). 
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2 State of the art

All models are wrong, but some are useful. 
—George E. P. Box, Empirical model-building and 

response surfaces, 1987 

This literature review covers three major areas critical to understanding the rock 
mass behaviour at the Kiirunavaara Mine: 1) mine seismicity, seismological 
techniques and the physical interpretation of seismicity, 2) the methods used for 
geomechanical characterisation, and 3) the methods used to explore the role of 
the geomechanical features in behaviour. 

2.1 Mine seismicity, seismology and rock mass behaviour
As mining progresses deeper, more mines are becoming seismically active due 
to large stress magnitudes. Seismically active mines can be found globally, 
including in South Africa, Canada, Sweden, China, Chile, and Australia (e.g., 
Ortlepp, 2005). As such, mine seismicity and the application of seismological 
techniques to better understand rock mass behaviour has been of much research 
interest over the past few decades. 

Seismicity, acoustic events associated with a release of energy, is related to slip 
along pre-existing discontinuities, new fracturing or fracture growth and rock 
mass damage. Source mechanism analysis can give indications as to which of 
these failure modes is associated with the seismic events. Moment tensor 
analysis and the ratio of the S-wave energy to the P-wave energy (Es/Ep) are 
common seismological techniques used for this purpose (ISS International, 
2006; Young et al., 2004). Moment tensor analysis describes the source in 
terms of the distribution of forces representing inelastic deformation, where the 
tensor can be decomposed into isotropic and deviatoric components (Mendecki, 
2013). The deviatoric component of the moment tensor can be further 
decomposed into parts representing shearing along a plane and a remainder non 
double couple term (Mendecki, 2013). Es/Ep ratio gives an indication of source 
mechanism, where explosive sources have a lower ratio and slip sources have a 
higher ratio (Mendecki, 2013). For this analysis, only Es/Ep has been used to 
evaluate the source mechanisms of events due to ease of determination for a 
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large seismic database, such as at the Kiirunavaara Mine. Future work plans to 
incorporate moment tensor analysis done as supporting work to this study. 

Events with a tensile source mechanism (typically Es/Ep < 3) are considered to 
be related to new fracturing, extension of existing fractures and rock mass 
damage due to high stress (ISS International, 2006). This has been confirmed 
with both laboratory testing and numerical modelling (Diederichs et al., 2004), 
where the onset of seismicity occurs prior to the peak plastic yield point of the 
material. These types of seismic events are often used as a proxy for 
progressive rock mass damage. As suggested and evaluated by many authors 
for environments with underground excavations (such as mines, storage 
repositories, etc.), spatial/temporal analysis of seismicity and 3-D velocity 
tomography can be used to define the damaged volume, its geomechanical 
properties, and their respective temporal changes (Andrieux et al., 2008; Friedel 
et al., 1995; Ilchev and Mendecki, 2005; Luxbacher et al., 2008; Maxwell and 
Young, 1996; Snelling et al., 2013; Young et al., 2004). As an exploratory 
analysis, this study makes use of spatial analysis of seismicity. More detailed 
temporal analysis of seismicity will be compared to modelling results in future 
works. The incorporation of a 3-D velocity tomography model (supporting 
work) into the geomechanical model is planned. 

Seismic events with a shear source mechanism (typically Es/Ep > 8) are related 
to slip (shear) along existing discontinuities (ISS International, 2006). These 
events can be of high magnitudes, and their role in fault slip related bursting is 
under much investigation. Much laboratory based research exists with the goal 
of relating properties of discontinuities (faults) and their behaviour, however 
1) scaling of these relationships to the rock mass is unclear, and 
2) identification of these properties underground is limited. For example, it is 
known that the geometry of faults significantly influences the possible 
behaviour, however in most analyses for mining environments, individual faults 
are considered as planar structures due to limitations of mapping and analysis 
techniques. The importance of considering the network of discontinuities as a 
whole is underlined by indications that this is seemingly a chaotic system, in 
which small changes can lead to vastly different outcomes (McKinnon, 2006). 

Events with an Es/Ep between 3 and 8 are considered to have a mixed source 
mechanism (ISS International, 2006). The physical interpretation of this source 
mechanism is unclear. It is also postulated that these cut-off values may alter 
between different environments, for example the cut-off value defining shear 
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events in one mine may be different than in another mine, similar to re-entry 
protocol and aftershock sequences, as illustrated by Vallejos and McKinnon 
(2011). 

2.2 Methods of geomechanical characterization
Geomechanical characterization consists of multiple components that are 
potentially related to rock mass behaviour, including intact rock properties and 
geological discontinuities. An all-encompassing methodology to assess and 
combine this information does not exist in the literature; however numerous 
techniques are available to assess these aspects individually. 

Intact rock strength is assessed by laboratory testing methods, such as 
Unconfined Compressive Strength (UCS) tests, triaxial tests, direct tensile 
strength tests, and Brazilian tensile strength tests. Point Load tests are often 
used to provide supplementary data points representing the compressive 
strength of rocks and the strength distributions, however published scaling laws 
are dependent upon rock type and vary widely (Bieniawski, 1975; D’Andrea et 
al., 1965; ISRM, 1985; Kahraman, 2001; Kohno and Maeda, 2012). Techniques 
of scaling of intact rock properties to rock mass properties exist and are widely 
applied (Cai et al., 2004; Cai and Kaiser, 2013; Sonmez et al., 2004; Zhang and 
Einstein, 2004), however, no standardised agreement between the scaling 
relations exists and they rarely account for the scale of the problem being 
evaluated. 

An assessment of rock mass quality is typically done through the application of 
classification systems, such as Geological Strength Index (GSI) or 
Rock Mass Rating (RMR). These classification systems were originally 
developed and calibrated for civil engineering excavations, such as tunnels, and 
are well suited to homogeneously jointed rock masses. These methods alone, 
however, are unsuited to heterogeneous rock masses in which the strength and 
stiffness is affected by characteristics in addition to discontinuities, which 
typify the geological environment of many mines. Adaptations of GSI for 
heterogeneous rock masses have been developed (Hoek and Karzulovic, 2000; 
Marinos and Hoek, 2001), however they are still mostly based upon planes of 
weakness, and as identified by Mandrone (2006), are less applicable when 
weakness exists in other forms, such as alteration. 
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The intention of assessing discontinuities in mining environments is most often 
twofold: 1) to identify structural domains, and 2) to identify discontinuities that 
may experience slip. Numerous techniques have been developed to assess the 
positioning of boundaries of structural domains (Escuder Viruete et al., 2001; 
Jimenez-Rodriguez and Sitar, 2006; Martin and Tannant, 2004; Piteau and 
Russell, 1971; Zhou and Maerz, 2002). Methods that consider domain 
boundaries in 3-D space are likely more accurate and representative than those 
done in 1-D or 2-D space. 

In practice in mining environments, interpolation and extrapolation of rock 
mass properties, rock mass quality, and discontinuities is often done by hand in 
2-D planes in 3-D space related to positioning of mining levels. However, 
research exists on the application of geostatistics for interpolation of 
geomechanically related data in 3-D (Ayalew et al., 2002; Coli et al., 2012; 
Ozturk and Simdi, 2014; Stavropoulou et al., 2007). These techniques are well 
suited to environments that have large-scale changes in characteristics and data 
that can support interpolation. It is important to consider that geostatistical 
techniques inherently smear data, and as such are well suited to modelling 
volumetric data rather than discrete data. When the data source is suitable, 
however, interpolation methods offer much potential. 

2.3 Strategies to understand the role of geomechanical features
To understand the implications of a geomechanical model, numerical stress 
analysis is most commonly used to explore the changes in stresses caused by 
the interaction of the mining and geological environments. The specific 
methods selected for stress analysis and representation of geomechanical 
features are dependent upon the nature of the problem. The rock mass 
behaviour is assessed through the stress-strain relationship, and the results are 
therefore highly dependent upon the selection of constitutive model and 
material properties. 

Numerical techniques fall into two major categories: continuum or 
discontinuum. Continuum methods represent the rock mass as a material which 
cannot physically separate, whereas discontinuum methods allow full 
separation and rotation of individual blocks. As the significance of geology in 
rock mass behaviour is better understood, the trend in current research is 
towards discontinuum methods, such as discrete element method, discrete 
fracture network method or hybrid models. In this manner, discontinuities can 
be explicitly represented in the model. As with all numerical stress analysis, 
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however, it is critical to begin with as many simplifications as possible, thereby 
enabling a clear understanding of the controlling mechanisms (Starfield and 
Cundall, 1988). 

Of interest in the current literature with respect to representation of behaviour 
of deep rock masses is the representation of seismicity. Strategies to represent 
seismicity can be separated into the two major types of events: 

1. Tensile seismic events representing rock mass damage and formation of 
new fractures. 

As discussed in Section 2.1, the tensile acoustic events are often 
physically correlated to rock damage. Numerical representation of this 
relationship is most often by physical correlation of modelled plastic 
failure to the seismic events, where the active seismogenic zone is just 
outside of the plastic failure zone (since it is well established via 
laboratory testing that seismicity begins before plastic failure). Plastic 
material properties are usually back calculated via this method. There is 
much consideration in the current literature as to appropriate constitutive 
models and modelling techniques to capture brittle, plastic failure, such as 
those which incorporate damage related softening and dilation (Cai et al., 
2001, 2007; Hazzard and Young, 2004; Ilchev and Mendecki, 2005). 
Additional techniques of forecasting the locations of possible seismic 
behaviour associated with rock damage have been developed based on 
energy release, including energy release rate (ERR) (Cook et al., 1966) 
and dissipated plastic energy (DPE) (Beck and Brady, 2002). The current 
study correlates the models’ plastic failure (perfectly plastic constitutive 
model) with the location of seismic events within the study volume. 

2. Shear seismic events representing slip along existing discontinuities. 

There are many alternatives to numerically represent discontinuities that 
may be seismically active. There is a gap in the literature regarding which 
discontinuities to select for inclusion in numerical models of mining 
environments. Due to this and the need to evaluate the discontinuities as a 
system, one trend in numerical modelling is to statistically represent the 
discontinuities as a discrete fracture network (DFN) via a synthetic rock 
mass (SRM) approach (Mas Ivars et al., 2011). However, this method 
requires extensive data support which is not available in many mining 
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environments. The alternative is to include specific discontinuities, rather 
than statistically represent the discontinuities in the rock mass. 

The slip potential of discontinuities is typically numerically represented 
one of two ways. The first is with displacement (slip) modelled explicitly, 
often through the application of the Coulomb failure criteria. In this way, 
shear is not necessarily equally distributed across the surface area of the 
fault. This displacement can be related to seismic moment through the 
shear modulus and the size of the slip area as successfully done, for 
example, by Potvin et al. (2010) for the El Teniente Mine when 
considering cumulative slip. More advanced constitutive models exist and 
have been used with some regularity by the earthquake community, 
however, difficulties exist with identification of the model parameters. 

The second method of evaluating slip potential is through the analysis of 
excess shear stress (ESS) and its related modifications, where a positive 
difference between the dynamic shear strength (cohesionless strength 
after slip has initiated) and the static shear strength (initial strength) 
indicates dynamic slip and can be used to assess possible seismic 
magnitudes (Ryder, 1988). The focus of this method is on slip potential 
rather than the physical magnitude of slip, and explicit modelling of a 
discontinuity is not required as it does not account for the kinematics of 
slip. Examples of this approach applied in mining environments include 
Perman et al. (2013) and Murphy (2012). 

The current study does not incorporate analysis of the stability of 
discontinuities. This will be included in future work. 
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3 The Kiirunavaara Mine
The Kiirunavaara Mine, located in northern Sweden (Figure 3), is a large 
sublevel caving mine, producing approximately 28 million tonnes of iron ore 
per annum. An illustration of the mine layout with respect to the current main 
haulage level, Level 1365 m, is shown in Figure 4. The mine’s Y-coordinates, 
approximately aligned with south, define production blocks with ore pass 
groups numbered by their location (Figure 4). Currently, the deepest production 
level is Level 1051 m, which is approximately 820 m below surface. The study 
volume, shown in Figure 4 by its vertical boundaries along the Y-axis, is called 
Block 33/Block 34 due to a name change of the production blocks associated 
with the current haulage level (Figure 4). 

Figure 3 Location of the Kiirunavaara Mine (Google Maps, 2014). 
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Figure 4 Sketch of the Kiirunavaara Mine’s new haulage level and associated 
production levels. Numbered ore pass groups refer to their Y coordinate, 
which also defines a production block by the same name. Modified from 
LKAB. 

3.1 Geology
The magnetite orebody is approximately 5 km long, with a width of meters to 
over 150 m and a dip of 50-70° towards the east (positive X in mine 
coordinates). Geijer (1910) provides a complete description of the orebody and 
surrounding rock mass in English. The footwall materials are granite, skarn or 
trachyte-trachyandesite (referred to as syenite porphyries (Sp) at the mine). The 
trachyte-trachyandesite is divided into five groups based on their mineralogy, 
texture and/or alteration. Porphyry dykes also occur in the footwall. Ore 
material is geologically distinguished based on grade and level of 
contamination. Hangingwall material is mostly rhyodacite (referred to as quartz 
porphyry (Qp) at the mine) and is also divided into five groups, much like the 
footwall. Fewer hangingwall data are available by either mapping or core 
logging due to underground access and ore-targeted drilling. 
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Some of the rock mass at the Kiirunavaara Mine has undergone significant 
alteration. This alteration is in the form of both replacement of minerals by clay 
as well as leaching, leaving the rock porous (Berglund and Andersson, 2013). 
The clay-altered lens-shaped volumes are visible underground and in core from 
diamond drilling (as clay and possibly as core losses), and their extent ranges 
from centimeters to tens of meters throughout the mine. Clay alteration also 
exists as infilling in some of the discontinuities. 

3.2 Existing works
Most of the previous work done on the geomechanical characterisation of the 
mine has been limited in breadth of analysis, focusing on small portions of the 
rock mass or on few of the available data types (Cotesta, 2011; Henry and 
Marcotte, 2001; Lindgren, 2013). Large scale characterisations, such as 
Rådberg et al. (1989) and Mattsson et al. (2010), are now based on outdated 
databases, and recently acquired data and knowledge provides an opportunity to 
update previous works. 

A number of works exist using numerical stress analysis and limit equilibrium 
techniques that back analyze and forecast rock mass behaviour at the mine 
(Bertilsson et al., 2009; Dahnér-Lindqvist, 1992; Edelbro et al., 2012; Henry 
and Dahnér-Lindkvist, 2000; Herdocia, 1991; Jacobsson et al., 2005; Lupo, 
1997; Mäkitaavola, 2011; Sainsbury and Stöckel, 2012; Shirzadegan, 2009; 
Sitharam and Latha, 2002; Sjöberg, 1999; Sjöberg et al., 2001, 2002, 2003, 
2011, 2012; Sjöberg and Malmgren, 2007, 2008a, b; Sjöberg and Perman, 2010; 
Svartsjaern, 2015; Villegas Barba and Nordlund, 2013; Villegas, 2008; Villegas 
et al., 2011). To date, all evaluation of the rock mass at the Kiirunavaara Mine 
has simplified the geology into three materials (footwall, orebody, and 
hangingwall). Some of the models have used strength and/or stiffness 
reductions to represent the caved material. The current estimate of rock mass 
properties are presented in Sjöberg et al. (2012), which are based on previous 
work (Sjöberg et al., 2003). 

  



16 of 62 

The previous modelling and limit equilibrium work done at the mine can be 
simplified into 4 topics. 

1. Failure mechanisms to surface and surface subsidence 

 The hangingwall and footwall failure mechanisms at the mine 
extending to surface have evaluated in some detail (Dahnér-
Lindqvist, 1992; Henry and Dahnér-Lindkvist, 2000; Herdocia, 1991; 
Lupo, 1997; Sitharam and Latha, 2002; Sjöberg, 1999). A general 
conclusion from these works is that the major failure mechanism 
from the active production level to surface initiates as shearing 
failure with toppling on surface, much like the common failure 
modes of open pits. Recent work by Svartsjaern (2015) furthered 
previously gained knowledge about the failure mechanisms by 
evaluating the progression and evolution of failure with depth, 
focusing on the footwall stability. Svartsjaern (2015) found that there 
are mixed failure mechanisms in the footwall, that footwall damage is 
not linearly correlated with mining depth, and confirmed the presence 
of a shear type failure. 

Additional modelling has been done of the hangingwall caving 
process and surface subsidence that are inevitable outcomes of the 
mining method (Sainsbury and Stöckel, 2012; Shirzadegan, 2009; 
Villegas Barba and Nordlund, 2013; Villegas, 2008; Villegas et al., 
2011). The intention of much of the caving work was for subsidence 
forecasting purposes, however, Shirzadegan (2009) ran a variety of 
simulations and illustrated the importance geological discontinuities 
can have on the extent of the subsidence zone. 

2. Stability conditions of temporary and permanent excavations 

 A number of modelling works have focused on evaluating the 
stability of main haulage levels, due to their importance to the mining 
operation (Bertilsson et al., 2009; Sjöberg and Malmgren, 2007, 
2008a). 

In the early 2000s, a large study was undertaken to evaluate ore pass 
stability conditions (Sjöberg et al., 2001, 2002, 2003). A global-local 
approach was used as later described in detail by Sjöberg and 
Malmgren (2008b). The work showed that changes in ore pass 
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geometry from a cylinder (caused by, for example, ore pass wear) 
resulted in a significant change in stability conditions with the 
development of shear bands in the models around the ore passes 
(Sjöberg et al., 2003). Rock conditions, stress state and ore pass wear 
were used to develop a causative model of ore pass failure 
mechanisms (Sjöberg et al., 2003). 

Jacobsson et al. (2005) evaluated the stability of slender pillars 
created during a new production sequence using numerical 
modelling. 

Edelbro et al. (2012) used 2-D numerical modelling to evaluate and 
predict instabilities in the footwall drifts at the mine. Through the use 
of a cohesion-softening friction-hardening constitutive model, model 
predicted fallouts (evaluated by plastic yield and maximum shear 
strain) were in good agreement with the location of observed falls of 
ground in drift cross-sections (Edelbro et al., 2012). 

3. Mine-scale stress changes 

 The only modelling work to date that evaluates the 3-D stress state at 
the mine-scale was that by Mäkitaavola (2011). This was done using 
a boundary element program and elastic constitutive model. 
Alternative mining sequences were evaluated (Mäkitaavola, 2011). 

4. Seismicity and/or rockbursting 

 Sjöberg and Perman (2010) and Sjöberg et al. (2011) used 3-D 
numerical modelling of a specific production block at the mine to 
complete forensic analysis of a rockburst event. Their results showed 
that the mostly likely cause of this rockburst was fault slip. To further 
this, Sjöberg et al. (2012) evaluated potential mining sequences in the 
same block to minimise the potential for future fault slip rockbursts. 

Mäkitaavola (2011) used the 3-D elastic boundary element model 
previously mentioned to evaluate ESS along geological structures 
considering different mining sequences. 
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3.3 Data description
Recent data acquisition campaigns have enhanced the amount and coverage of 
data at the mine. Data related to the development of a geomechanical 
understanding of the rock mass include: 

 The virgin in situ stress state was estimated by Sandström (2003), based 
on stress estimation from overcoring and hydraulic fracturing. As 
described by Sandström (2003), more than 40 stress measurements from 
overcoring were conducted between 1979 and 1995 at the mine, and some 
hydraulic fracturing measurements were conducted in 2000 and 2002. 
However, the hydraulic fracturing measurements were less successful 
(Sandström, 2003). 

 Recently, two additional sites were used for overcoring measurements by 
a consultant (Ask, 2013). A total of 3 successful overcoring 
measurements were completed at each site. These sites, located in the 
footwall on Level 1165 m and Level 1252 m, are shown in Figure 5. 

 The diamond drill core database consists of approximately 590 000 m of 
mostly 28 mm diameter core, from approximately 3000 boreholes, from 
LKAB’s routine drilling (LKAB, 2014a). The extent of the data is shown 
by Volume A in Figure 5. With few exceptions, all drilling is from 
underground, with fans of four holes on average at 50 m spacing along 
strike targeting orebody definition. The majority of drilling is done from 
the footwall due to access restrictions. On surface, LKAB geologists 
routinely log these drill holes, identifying geological units, core losses 
and zones of poor material (such as clay), and RQD. 

 A total of 56 unconfined compressive strength (UCS) tests were 
completed on 11 of the rock units. Some of the data were historical data 
from LKAB used for previous studies (e.g., Andersson, 2009), some of 
the data were obtained during an ongoing Master’s thesis (Westblom, 
2014), and 11 of the data were obtained as part of this project. Competent 
and representative samples were selected. Because of the multiple sources 
of UCS data, the origins of the samples are varied throughout the mine, 
mostly contained by Volume B in Figure 5. 

 Approximately 880 Point Load Strength tests were completed on 20 of 
the rock units. 141 of the available data were based on lump samples 
(Lindgren, 2013). Sample origins of these data were spread throughout 
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the mine. Approximately 740 point load tests were completed by the 
author on 28 mm core samples. Weaker samples were preferentially 
eliminated due to sampling technique. All of these 740 data originated 
from Volume C in Figure 5. The analysis in this study uses only those 
data completed on core samples, to eliminate introduction of potential 
sources of error caused by different data sources. 

 Geological data exists from LKAB’s routine underground drift mapping, 
which focuses on definition of the orebody and the location of different 
types of ore rock units. The majority of mapping data is in the footwall 
and in the orebody. Extensive shotcreting limits mapping anywhere 
except working faces. In addition, a recent underground mapping 
campaign over the span of one year has provided a more detailed 
definition of clay zones in Volume C in Figure 5 (Björnell, 2014). 

 Over 4000 joints exist in the database from LKAB’s routine underground 
drift mapping (LKAB, 2014b). The extents of these data are represented 
by Volume B in Figure 5. All mapped joints have information about their 
orientation. 

 Geological Strength Index (GSI) has been mapped during underground 
campaigns (LKAB, 2014c). Data is available between Level 1051 m and 
Level 1543 m within Volume B (Figure 5), but data coverage is limited 
due to shotcreting. 

 A recent campaign (Berglund and Andersson, 2013) acquired and 
analyzed data from underground mapping to provide an understanding of 
the kinematic regime of the rock mass. This is the first major 
underground campaign specifically related to faults at the mine. This 
study was mostly conducted in Volume C (Figure 5). 

 Rock falls occurring during production are individually documented by 
LKAB employees in reports and stored in a database at the mine. All rock 
falls have been systematically recorded since circa 2010, with selected 
events recorded in 2008 and 2009. 

 The Kiirunavaara Mine has an extensive seismic network with related 
information stored in the database. Dahnér et al., (2012) provides a 
description of the network and seismicity. 
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Figure 5 Data extents (not coverage) represented by boxes overlaid on an outline of 
the orebody (longitudinal view from the footwall towards the 
hangingwall). All volumes extend into the hangingwall and footwall. Mine 
coordinates along orebody strike (Y coordinates) are labeled. Volume A 
represents the data extents of the drill cores. Volume B shows the data 
extents of the discontinuities mapped underground. Volume C illustrates 
the location of extensive underground mapping campaigns to better 
identify geological features, such as structures and clay altered volumes. 
Recent stress measurements done on Level 1165 m and Level 1252 m site 
are also shown. Modified from Vatcher et al. (2015). 
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4 Exploratory numerical stress modelling of the mine

Seek simplicity and distrust it. 
—Alfred North Whitehead, The Concept of Nature, 1920 

Three-dimensional mine-scale continuum models were created to evaluate 
many of the current assumptions often used in modelling the Kiirunavaara 
Mine, such as in situ stress state, the use of two-dimensional models, the 
assumption of continuum behaviour, and material simplifications (both rock 
types and properties). The results from the exploratory numerical stress analysis 
were then compared to three separate data sets from Block 33/Block 34: 1) the 
recently acquired stress measurements data at Level 1165 m and Level 1252 m 
(see Section 3.3, and Figure 5), 2) seismicity, and 3) the 2-D results from 
Sjöberg and Malmgren (2008a). 

4.1 Methodology and model setup
As the focus of this project is on Block 33/Block 34, the model geometry was 
developed so that there were more simplifications to the orebody geometry 
external to the study volume (Figure 6). The digitally available portion of the 
orebody was extended to the known surface topography and to the bottom of 
the model following the dip of the orebody. Planes were extended from the 
north and southern edges of the orebody (following the dip) to form a boundary 
between the hangingwall and footwall materials. The model geometry with 
dimensions is presented in Figure 7. 

Figure 6 Orebody geometry created for numerical stress analysis as seen from the 
hangingwall, modified from Vatcher et al. (2014). 
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Figure 7 Isometric view of the model geometry for stress analysis. Geological units 
included are limited to the footwall, orebody and hangingwall (Vatcher et 
al., 2014). 

The numerical stress analysis software selected for this analysis was 3DEC 
(Itasca, 2014). This finite difference discrete element code was selected because 
of 1) the interest of incorporating explicit geological structures in future stages 
of analysis, and 2) the 3-D geometry of the geomechanical units and mining 
excavations is thought to be of significance. In this Licentiate work, however, 
all models were run in 3DEC as a continuum, without explicit simulation of 
discontinuities or surfaces which can slip and separate. This was done to begin 
exploration of rock mass behaviour in the simplest manner possible, and to test 
the limitations of common assumptions used in numerical stress analysis of this 
orebody. 

Three continuum model cases were run with alterations to material properties 
(Table 1). Cases were selected to explore the influence of constitutive 
relationship and materials on rock mass behaviour. Modelled stresses from all 
cases were compared to the recent stress measurements. The plastic failure in 
Case B and Case C were compared to seismicity in the study volume. Due to 
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the large scale of the models, development excavations were not included. All 
production sublevels were excavated simultaneously to the levels as depicted in 
Figure 6. Production was represented by removal of the ore in the entire 
sublevel within each production block, according to depths of the production at 
the time of the study. Caving was simulated as a void in the orebody with no 
extension into the hangingwall. 

Table 1 Continuum model cases run in 3DEC (Vatcher et al., 2014). 

Case Constitutive model Footwall 
strength case 

Excavation sequence 

A Elastic, isotropic Base strength All sublevels excavated 
simultaneously 

B Perfectly plastic, 
isotropic 

Base strength All sublevels excavated 
simultaneously 

C Perfectly plastic, 
isotropic 

Low strength All sublevels excavated 
simultaneously 

 

Material properties used were based on those used by Sjöberg et al. (2012). 
These are the material properties that are commonly used in numerical 
modelling of the Kiirunavaara Mine, and are from a combination of analysis of 
laboratory testing results and numerical back analysis. 

The virgin in situ stress state in the model was initiated according to the 
relationships determined by Sandström (2003) (as discussed in Section 3.3). 
The following equations from Sandström (2003) were used in conjunction with 
gravitational loading: 

where:  is the depth below surface (m),  is the stress in the east-west      
(X-axis) direction (MPa),  is the stress in the vertical (Z-axis) direction 
(MPa), and  is the stress in the north-south (Y-axis) direction (MPa). 
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4.2 Stresses: calculated and measured
The principal stresses from Case A, B, and C were compared to the measured 
principal stresses at the Level 1165 m site and the Level 1252 m site (Figure 8 
and Figure 9). The results from the models at the Level 1165 m site were 
similar in magnitude and orientation to the measured values (Figure 8). The 
results from the model at the Level 1252 m site were less similar. Although a 
good fit for the major principal stress, the Level 1252 m magnitudes and 
orientations of the intermediate and minor principal stresses from the models 
were not the same as from overcoring (Figure 9 b). Additionally, the magnitude 
of the minor principal stress showed the least agreement at both measurement 
sites. Potential causes are addressed in Section 4.5. 

Figure 8 a) Magnitudes and b) orientations of principal stresses from the models 
and measurements at the Level 1165 m measurement site. Orientations 
are presented in mine coordinates, where east is aligned with the positive 
X-axis (Vatcher et al., 2014). 

Figure 9 a) Magnitudes and b) orientations of principal stresses from the models 
and measurements at the Level 1252 m measurement site. Orientations 
are presented in mine coordinates, where east is aligned with the positive 
X-axis (Vatcher et al., 2014). 
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4.3 The value of 3 D analysis
The modelling stress results from this study were compared to the results from 
the 2-D models done by Sjöberg and Malmgren (2008a). Stresses from Sjöberg 
and Malmgren's (2008a) 2-D models were extracted to represent the stress 
measurement positions (correct levels and distances from the footwall contact, 
however on the same vertical easting plane), where the production level in the 
2-D model was equivalent to that in the study block of in the 3-D model 
(Figure 10). 

Figure 10 Schematic of a portion of Sjöberg and Malmgren's (2008a) 2-D model of 
the orebody, looking towards the north showing the area around the 
active production level in Block 33/Block 34 (Level 1022 m) during the 
time of this analysis. The locations of the stress measurement sites relative 
to the footwall contact are shown. 

Atypical to what is commonly observed in numerical stress analysis, the 2-D 
models did not result in the most conservative estimate (highest magnitudes) of 
the stress state (Figure 11). Rather, for these two locations, the 3-D model 
consistently had larger stress magnitudes than the 2-D model in both the 
horizontal and vertical directions. The stress magnitudes in the horizontal 
direction consistently had better agreement between the overcoring 
measurements and the 3-D model, than the overcoring measurements and the   
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2-D model. At the Level 1165 m measurement site, the magnitude of the 
vertical stress from overcoring was nearly exactly in between the results of the 
two models. However, the vertical stress magnitude at the Level 1252 m site is 
better estimated by the 2-D model (5% underestimate) than the 3-D model 
(15% overestimate). These results are discussed in Section 4.5. 

a) 

b) 

Figure 11 Stress magnitudes of overcoring measurements, the 3-D models and the
2-D models for the a) 1165 m measurement site and the 
b) 1252 m measurement site. 
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4.4 Plastic failure and seismicity
To evaluate the rock mass behaviour, the ratio of the S-wave energy and the P-
wave energy was used to filter events (Es/Ep < 3), mixed source events 
(3  Es/Ep  8), and shear events (Es/Ep > 8) (ISS International, 2006). 

Using the entire seismic catalog within the study volume, there were no obvious 
spatial differences between events of different source mechanisms. However, 
distinct shapes and clusters of seismicity were evident. For example, the 
seismogenic zone in the hangingwall has a distinct arced shape starting near the 
current mining level and extending upwards and outwards into the hangingwall, 
seen in Figure 12, much like the shape of the plastic failure zone in the models. 
It is important to consider that the seismic network coverage in the hangingwall 
is not as extensive as in the footwall, so these events have lower location and 
magnitude accuracy than those in the footwall. 

The shape of the seismicity cluster in the hangingwall corresponded well to the 
plastic failure in Case B (Figure 12 a). However, a change in footwall material 
properties significantly influenced the shape of the plastic failure zone. Plastic 
failure from Case C did not correspond well to the shape of the seismicity 
(Figure 12 b). 

Figure 12 All seismic events in the study area since the installation of the seismic 
system with plastic failure from the model overlaid as seen from the 
hangingwall for a) Case B and b) Case C (Vatcher et al., 2014). 
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Interestingly, however, the results differ when considering plastic failure and 
seismicity in the footwall between the two cases. The long clusters of seismicity 
dipping towards the orebody under the active mining level in Figure 13 are 
ore pass noise and not part of the current rock mass behaviour analysed. The 
plastic failure in the footwall from Case B did not correspond well with 
seismicity. The seismic events had a much larger extent than the yielded 
volume in the models. However, there was better correspondence between 
plastic failure in Case C and the seismicity in the footwall. 

Figure 13 Plastic failure in the footwall (left) with all seismic events in 
Block 33/Block 34 from the catalog overlaid (right) for a) Case B and b) 
Case C (Vatcher et al., 2014). 

Filtered seismic events based on moment magnitude were also considered. 
Events with moment magnitudes larger than 1.2 (approximately local 
magnitude 1) were considered during this analysis since large magnitude events 
are of interest from a damage perspective. The cut-off magnitude was selected 
arbitrarily. The majority of these filtered events have a shear nature. 
Figure 14 a) shows the clusters of large magnitude events in the hangingwall 
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with the slip events (Es/Ep > 8) identified by boxes. The plastic failure from 
Case B is overlaid on this seismic information in Figure 14 b). The locations of 
the large magnitude events do not correspond well with the modelled plastic 
failure, in particular in the north end of the analysis volume. It is also clear that 
the large magnitude shear events do not correspond well with the modelled 
plastic failure. 

Figure 14 a) Seismic events in the hangingwall with a moment magnitude greater 
than 1.2, b) with plastic failure from Case B overlaid (Vatcher et al., 
2014).

4.5 Implications to the role of geology in rock mass behaviour
The general concurrence between the stresses from the models and the 
measured stresses confirms that the virgin stress state as defined by Sandström 
(2003), which appears to be consistent with depth. In addition, the results have 
demonstrated that, at this scale, the use of elastic or plastic materials with 
simultaneous excavation has little influence upon the resulting stresses. The 
reduction in footwall strength had little influence upon the stress state at either 
site. 

Further investigation is required to ascertain 1) why the magnitude of minor 
principal stress from the models is consistently lower than those measured, and 
2) why the results from the models and the measurements of intermediate and 
minor principal stress magnitudes and directions have a larger difference at the 
Level 1252 m site. Possible explanations for these results include coarse model 
zoning, model geometry oversimplifications (in the form of geomechanical 
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units or sequence), and/or geological structures in the mine (and absent in the 
model) causing a local rotation of the stress field. 

The comparison of the 2-D and 3-D stresses at the overcoring measurement 
sites clearly demonstrated that the stress field at the mine is affected by the 3-D 
geometry of the footwall, orebody, hangingwall and production. Although the 
3-D models provided a horizontal stress estimation that was closer to the 
measured values at the two sites, the opposite was true for the vertical stresses. 
The cause of this is unknown. 

The contradictory results regarding footwall strength when comparing the 
plastic failure in the hangingwall and the footwall to seismicity may indicate 
that a representative combination of material properties has not yet been 
determined or that additional failure mechanisms not incorporated in this model 
(such as failure along discontinuities or anisotropy) are responsible for some of 
the seismicity at the mine. 

The poor correlation between the large seismic events and the plasticity from 
the models in the hangingwall is possibly caused by an oversimplification of the 
geometry of the material contacts, the type of constitutive model used, or the 
assumption of a geological continuum within the model. The large shear type 
events that are outside of the yield zone in the model may be caused by a 
number of sources. Conclusive evidence does not exist indicating whether these 
events are part of the hangingwall caving failure mechanism, fault slip events, 
or if it is a result of inaccurate locations due to the limitations of the seismic 
system. 

Although representative of the stress state, the use of 1) a continuum 
representation with 2) definition between the footwall, ore, and hangingwall 
materials and 3) a perfectly plastic constitutive model does not sufficiently 
represent the seismic behaviour of this rock mass. The development of a better 
understanding of the geomechanical characteristics of the rock mass at a mine-
scale is required. 
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5 Geomechanical models in complex geological
environments

The greatest value of a picture is when it forces us 
to notice what we never expected to see. 

—John W. Tukey, Exploratory Data Analysis, 1977 

Based on the results from the exploratory numerical modelling, an improved 
geomechanical characterization of the rock mass at the Kiirunavaara Mine is 
required to understand the rock mass behaviour. Since the Kiirunavaara Mine is 
an example of a rock mass that is complex and heterogeneous, a methodology 
to create a 3-D geomechanical model was developed and applied to the rock 
mass. 

This chapter presents an overview of the methodology with a focus on the main 
results from the creation of this geomechanical model for the Kiirunavaara 
Mine. In addition to the highlights of the developed geomechanical model, the 
results are compared to falls of ground with the intention of understanding the 
role of geology in some aspects of rock mass behaviour. 

5.1 Methodology of building a geomechanical model
The proposed methodology employs the use of standard geostatistical 
techniques with additional statistical analysis to understand the large-scale 3-D 
patterns of rock mass characteristics, such as structural domains, zones of high 
or low stiffness material and rock mass quality. These areas are first analyzed 
separately and then subsequently synthesised in 3-D space to create one 
geomechanical model. The data analysis techniques presented to create large-
scale 3-D geomechanical models were intentionally selected for their 
compatibility with the underlying geology and typical limitations associated 
with data from mining environments, such as sparse coverage and few samples. 
Refer to Section 3.3 for a description of available data at the mine. 

Geostatistical techniques have been used with success to assess rock masses 
from a geomechanical perspective for a variety of purposes (Ayalew et al., 
2002; Coli et al., 2012; Ozturk and Simdi, 2014; Stavropoulou et al., 2007). 
These techniques are well suited to data-rich environments that have large-scale 
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changes in characteristics. While geostatistics is a useful tool to identify general 
patterns and changes within a volume, the resolution and accuracy of the results 
are a function of data spacing. Due to data limitations at the mine, geostatistics 
is not an appropriate method to identify individual structures. Targeted 
underground mapping is recommended for this type of work. 

As with all modelling, control data for calibration and verification purposes is 
essential. Good candidates include data related to rock mass behaviour as well 
as seismicity, rock falls and drift mapping. Data sets which are too sparse for 
analysis or which are in an unsuitable format (such as maps or photos) can still 
be used as control data. In the case of the Kiirunavaara Mine, underground 
mapping has been used as control data for models developed from core logging 
data. 

5.2 Geomechanical model of the Kiirunavaara Mine

5.2.1 Intact rock strength
A complete understanding of the intact strength differences between geological 
units does not yet exist at the Kiirunavaara Mine. Using the UCS and Point 
Load Strength test data, analysis was performed to identify 1) the underlying 
distribution of strength parameters, 2) groups of geological units that share 
common strengths, and 3) the estimated mean strengths and standard deviations 
of these groups. There is insufficient data availability at the mine to determine 
if intact rock strength is dependent upon location, not only geological units. 

Kolmogorov-Smirnov tests were used on the Is(50) data to evaluate all possible 
groupings of geological units. This standard statistical technique uses the 
cumulative distribution functions of two sets of samples to evaluate if 
differences exist between the location and shape of the distribution functions. It 
was selected for its robust, nonparametric nature. Each sample was represented 
by one Is(50) value; an average value for the sample was used if there was more 
than one acceptable data point. After grouping geological units with similar 
strength values, the Is(50) data were then scaled to UCS data for each group of 
geological units individually to estimate the strength of each group according to 
the following equation: 
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 (4) 

where  is the scaling factor,  is the average UCS from the UCS tests and 
 is the average Is(50). 

The results indicate that some of the mapped geological units likely share 
common underlying distributions. The most likely grouping of geological units 
into strength groups based on the statistical analysis are: 

 Dyke porphyry, 
 Sp1*, Sp5, skarn, 
 Sp2, Sp4, 
 Sp3, 
 Ore 1, Ore 2, 
 Remaining ore types*, and 
 Hangingwall*. 

Units that have limited sample numbers are starred (*). No significant 
difference between the distributions of 1) the 5 types of hangingwall units or 
2) the remaining ore types were found, however not all units were well 
represented. Additional point load tests would improve the precision and 
accuracy of this analysis. Based on Kolmogrov-Smirnov tests and 2 tests, all 
data before and after grouping by multiple geological units indicated normal 
distributions, with the exception of the ore material with few samples (ore, 
higher contaminant levels). This may be a result of too few samples or at least 
two unique distributions of strength within these geological units. 

The UCS data (stars) for each group of geological units are overlaid on the 
scaled Is(50) data (box plots showing quartiles) in Figure 15. Additional UCS 
tests would significantly improve the accuracy of the estimated strengths, 
particularly those with few data points. Both the UCS data and the point load 
data had a wide spread, in particular in the majority of the footwall material. 
The porphyritic dyke and Sp2/Sp4 groups showed higher strengths then the 
other groups. Kolmogorov-Smirnov tests on the scaled point load test data and 
the UCS data sets indicated that the distributions between the two data sets for 
individual grouped geological units were consistent. 
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Figure 15 Scaled point load test results (box plots) and UCS test results (stars) by 
grouped geological units. Boxplots of the point load tests for each grouped 
geological unit show outliers (considered as +/- 2.7 * standard deviation) 
as crosses. Average UCS (MPa) from the UCS tests (μUCS), the scaling 
factor (k), the scaled standard deviation (MPa) from the point load tests 
( PLT), and the number of point load tests (nPLT) for each group are 
presented over the box plots. Starred geological units in the labels indicate 
units that were not well represented by the point load tests data (Vatcher 
et al., 2015). 

There is a significant spread of estimated intact rock strengths for the geological 
units present at the Kiirunavaara Mine. Although Lindgren (2013) showed that 
increasing the pervasive alteration into softer minerals, such as chlorite, 
carbonates and clay, lowers the intact rock strength through analysis of Point 
Load tests conducted on lump samples, the current study does not have 
sufficient data to evaluate the role of alteration on intact rock strength at the 
mine. Although very clear during core logging and underground site 
investigations, the intact rock strength tests do not illustrate the significant 
strength and stiffness difference of some of the weaker units found at the mine, 
such as clay, due to preferential sampling. 

5.2.2 Volumes with clay alteration
Identifying volumes with clay alteration is important to the geomechanical 
model since clay material has significantly different material properties than 
those of the surrounding rock. 3-D volumes of clay based on isotropic search 
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parameters from mapped data were developed by Mattsson et al. (2010). 
However, this work has not been updated to reflect newly acquired data and 
knowledge. Additionally, this model was never calibrated against mapped clay 
underground. 

Geostatistical techniques were applied to identify the underlying spatial 
distribution of these clay volumes. This includes an analysis of appropriate 
search parameters via semi-variograms and then interpolation of the data. The 
interpolated model from the drill core data was compared to drift mapping to 
evaluate accuracy of the technique for this rock mass. Since clay is often 
washed away during drilling, both mapped clay and core loss in the core 
logging data (LKAB, 2014a) were considered to be indications of clay altered 
zones. 

Indicator semi-variograms were created to determine 1) if directional anisotropy 
exists, and 2) the appropriate search parameters for the composited clay data 
from core mapping. Sample compositing was used to reduce bias caused by 
variable sample length. The semivariograms indicated that the major and minor 
search ellipse axes were horizontal. The minor axis, approximately aligned 
along orebody strike, has a significantly smaller range than the borehole 
spacing (circa 50 m). This indicates that the data from the drilling has 
insufficient density for the use of geostatistical interpolation techniques to 
identify clay volumes at the Kiirunavaara Mine. 

However, a simple spatial analysis of the density of clay indicators from the 
core data in 3-D space using search radii as identified from the semi-variograms 
yielded a model of the clay volumes (not clay alteration found in joints) that 
could be calibrated to clay mapped underground where data was available (see 
Figure 16 a) and b)). Data was available for limited levels within and 
surrounding the project’s study volume. Figure 16 c) shows the calibrated clay 
model with the underground mapping data. Calibration was done visually to 
determine which isosurface value in the clay model corresponded to the 
mapped data. Within the calibration volume, this isosurface represents the 
density at which the clay indicators represent a volume of the rock mass that 
has more clay. The only mapped clay volumes that were not represented in the 
model were volumes which had no associated drill core data. The calibrated 
model does not necessarily represent volumes that have entirely been altered to 
clay, rather volumes that have a higher concentration of clay than their 
neighbours. 
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Figure 16 Calibration of model of clay volumes from core data with underground 
mapping data (view from the hangingwall towards the footwall). Area of 
higher density underground mapping shown in a), mapped clay volumes 
are presented in b) with the overlaid clay model from the core data in c) 
(Vatcher et al., 2015). 
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5.2.3 Rock mass quality
The RQD database at the mine (LKAB 2014a) has better coverage in terms of 
numbers of samples and their physical location than either the GSI or RMR 
database. Therefore, the RQD data offers a quantitative method of analyzing the 
rock mass in 3-D. 

After determining search parameters from analysis of semi-variograms, a model 
of RQD values spanning the extent of the database was created using inverse 
distance. This interpolation method was selected as a preliminary evaluation 
technique, and Kriging methods have the potential to improve this model. An 
example of the model is illustrated in Figure 17. Distinct zones of lower RQD 
values crosscut the orebody, in particular in the south. These zones are 
physically associated with the calibrated clay volume model; the rock mass 
surrounding the clay zones has a lower RQD than the rock mass further away 
from the clay zones. 

 

Figure 17 Example vertical slice through the mine-scale RQD model through X = 
6350 m viewed from the footwall overlaid on a longitudinal projection of 
the orebody. The RQD model is represented by the block model, where 
values are scaled by colour. The mine-scale clay model (from 
Section 5.2.2) is superimposed on the RQD model, in addition to its 
calibration volume (Vatcher et al., 2015). 
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5.2.4 Structural domains
The last structural domaining done at the mine-scale using all available data 
was completed in 1989 (Rådberg et al., 1989). Since that time, some additional 
work on identifying domains has been done sporadically for very specific 
volumes of the mine. It is critical for the geomechanical model that this work is 
updated to reflect recent advancements in data quantity. 

Often, if structural domains are based on a quantitative approach, they are 
limited to two dimensions, which may not represent the 3-D nature of the 
geological and mining environments. A new quantitative domaining technique 
has been developed, which is a 3-D extension of previous work by Piteau and 
Russell (1971). Stereonet similarity is evaluated using similar statistical 
techniques as presented by Mahtab and Yegulalp (1984) and Martin and 
Tannant (2004). 

The proposed technique, which has been applied to the Kiirunavaara Mine, is 
detailed below. The possibility exists to adapt this methodology to discontinuity 
characteristics other than orientation, and can be implemented computationally. 

1. Create a block model representing the span and extent of the original, 
cleaned data. Block dimensions are user specified; the intended scale of 
the domains, measurement spacing and geological environment are 
evaluated to determine this. 

2. Within each block, for every discontinuity measured, calculate the slope 
of the cumulative sum of 1) strike and 2) dip. Filtering of blocks based on 
user-defined minimum number of data points and linear fit parameters is 
recommended. 

3. Using the slope of the cumulative sum and/or dip, use geostatistical 
interpolation methods to supplement gaps in the data. The decision of 
which data to use should be based upon statistical analysis of the 
underlying data. With most data sets, the slope of the cumulative sum of 
dip is the most appropriate source to use, as when strike is used there is a 
numerical discrepancy between 0° and 359° that does not represent a 
large physical direction difference. The methodology could be adapted for 
other mapped discontinuity characteristics, such as roughness, however 
due to data availability at the mine this was not explored. 

4. Using isosurfaces (3-D analog of an isoline or countour) of the block 
model, identify continuous volumes in 3-D space representing volumes of 
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distinct structural domains. The selection of isosurfaces requires user 
input. Particular attention should be paid to large changes in 
shape/location of isosurfaces. Distinct and individual isosurfaces 
represent domains; however, the numeric values of the isosurfaces are 
irrelevant. 

5. Statistically and visually compare the stereonets for the determined 
structural domains. 

To evaluate the mine-scale domains at the Kiirunavaara Mine, square blocks of 
30 m were used, which had greater than five data points and a linear regression 
r2 value of greater than 0.95. The cumulative sum of dip was the most 
appropriate parameter to use for interpolation since many of the structures at the 
mine had a strike around 0° N. Isotropic inverse distance was used as the 
interpolation technique. More advanced methods of interpolation have the 
potential to improve the reliability of this block model. 

The 3-D isosurfaces from the domain block model were used to group and test 
the original data points. Mahtab and Yegulalp (1984) suggested a method of 
statistically comparing stereonets based on pole count in equal area windows, 
and then using the 2 test to test if the distribution of the pole count for two 
stereonets is different, where a difference represents a new domain. Due to 
sample size limitations associated with the 2 test, Martin and Tannant (2004) 
adopted the window technique, however used the Pearson product-moment 
correlation coefficient (Pearson’s r) as an indication of similarity between two 
stereonets. For the Kiirunavaara Mine, Pearson’s r, Spearman’s rank correlation 
coefficient (Spearman’s rho ( )) as well as the Kendall rank correlation 
coefficient (Kendall’s tau ( ) coefficient) were tested to evaluate statistical 
similarity between stereonets. For the joint sets in the Kiirunavaara Mine, the 
use of Spearman’s  correlation coefficient and Kendall’s  were found to be 
most appropriate since the joint set data series after the count of poles in the 
windows are discrete and non-normal. 

The results from the domaining analysis at the Kiirunavaara Mine highlight that 
the domains have 3-D shapes for this rock mass at the mine-scale, which cannot 
always be simplified in 2-D. Examples of some of the domains identified are 
shown in Figure 18. The 3-D domains identified for the rock mass using the 
suggested technique offered an improvement when compared to vertical 
extension of domains previously analyzed as suggested by Rådberg et al. 
(1989). More unique domains were identified, with clearer definition of joint 
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sets and transition zones between domains. Statistical comparison of the old and 
new domains (using the same techniques as previously described) showed that 
the new domains were more distinct than the domains identified by Rådberg et 
al. (1989). 

Figure 18 Examples of some of the structural domains (shaded volumes) identified 
using the new technique as seen from the footwall. Each of these volumes 
contains other domains which are not shown. Equal area lower 
hemisphere stereonets are shown rotated in accordance with the mine 
coordinate system. 

At the Kiirunavaara Mine, transitions between domains at the mine-scale were 
rarely sharp boundaries. One example to the contrary, however, corresponds 
with a known, mapped geological feature. Despite not being used as a priori 
assumption during analysis, where the rock mass transitions from north to south 
into a more clay altered volume (from approximately Y 28 and southwards), 
there is a sharp domain change. In this southern portion of the orebody, only 
two domains have been identified at the mine-scale (Figure 19). They consist of 
many joints, and joint set identification is difficult (Figure 19). The joint sets 
have a more random component in the heavily clay altered volumes of the rock 
mass. 
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Figure 19 Domains in the southern portion of the rock mass overlaid on the orebody 
as seen from the hangingwall. Domains are represented by the shaded 
wireframes, and their associated lower hemisphere equal area stereonets 
are provided. Stereonets are rotated so they are aligned with the mine 
coordinate system (Vatcher et al., 2015). 

5.2.5 Faults
Numerous faults have been mapped underground and are present in the work by 
Berglund and Andersson (2013). The currently available data does not enable a 
mine-scale characterization to include faults since the mapping campaign 
focused on the study volume. Additional future work is required on this topic. 
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5.3 Correlation of the geomechanical model to behaviour
Based on the geomechanical characterization, the portion of the rock mass 
which has significant volumes of clay has different characteristics than the 
unaltered portion. The different characteristics are not limited to the clay 
volumes; rather the entire rock mass surrounding the clay. This is apparent from 
information related to jointing. Surrounding the clay volumes there are lower 
RQD values, few distinguishable structural domains, and random jointing. 
Because of the seemingly controlling nature the clay zones have over the 
geomechanical characteristics of the rock mass, it is logical to compare the 
calibrated clay model with falls of ground in search of patterns. 

When viewing the data from the approximate direction of principal in situ 
virgin stress, a correlation between the modelled clay zones and the falls of 
ground is evident (Figure 20). The majority of the falls of ground are 
concentrated in the rock mass surrounding the clay zones. There were 
significantly fewer falls of ground from approximately Y 23 and northwards 
(not shown in Figure 20 since it is external to the calibration volume). This 
could be related to the lack of clay volumes in the area, although additional 
calibration of the clay model in that volume is recommended. 

Figure 20 Falls of rock (squares) versus the calibrated clay volume model (shown 
from the footwall towards the hangingwall). Viewed from the direction of 
major principal in situ stress (pre-mining), from the west (Vatcher et al., 
2015).
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5.4 Implications to future work
Analysis of intact rock strength showed large variations not only between the 
groupings of geological units, but within them. This spread has implications for 
the geomechanical model and future rock engineering analyses. Representing 
the rock mass with constant strengths and stiffnesses is a simplification that 
cannot fully capture the rock mass response related to intact strength variation. 
The causes of this variation are unclear; the role of alteration in intact rock 
strength needs to be further evaluated. Additional UCS data (from UCS tests or 
triaxial tests) for geological groups with few of these data points may improve 
the scaling of the Point Load Strength tests. At this stage, how to scale the 
intact rock strength to rock mass strength for this complex geological 
environment remains unresolved. 

The understanding of the rock mass at the Kiirunavaara Mine developed from 
the mine-scale geomechanical model enables the development of a conceptual 
model of causes of some of the rock mass behaviour. Of interest due to its 
novelty and potential importance, the falls of ground correspond to locations of 
the volumes of clay alteration. Considering how the principal stresses in this 
region likely behave, a hypothetical explanation of this mine-scale behaviour 
emerges. Since the volumes with clay alteration should have a lower stiffness 
than the surrounding the stresses will flow around the clay zones and 
concentrate in the neighbouring rock. This may increase the stress magnitude in 
the surrounding rock mass. Initiation of new failure in the rock mass 
surrounding the clay volumes may have occurred pre-mining, which is possibly 
indicated by the RQD model (low RQD in the rock mass surrounding the clay) 
and the random joint sets in the structural domains in the region. This stress 
concentration combined with mining induced stress changes have the potential 
to explain some of the behaviour of the rock mass. Numerical stress analysis 
will be carried out in a future stage of this investigation to further explore this 
hypothesis and its implications on rock mass behaviour at the mine. 
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6 Discussion

[They] agreed that it was neither possible nor 
necessary to educate people who never questioned 
anything. 

—Joseph Heller, Catch-22, 1961 

The general agreement between the models and the overcoring measurements 
indicate that the previously estimated virgin stress state is consistent at depth. 
Although relatively small considering possible margins of error in both 
overcoring measurements and the numerical stress models, the results from the 
deeper site were slightly less consistent than at the shallower site (both in 
magnitude and orientation). This could be a result of local stress rotation caused 
by an unknown geological structure or contact. Additional investigations are 
required to evaluate potential causes. It is recommended that additional sources 
of information be explored to help constrain the stress state, such as an 
evaluation of drift damage (borehole breakouts are typically minimal in size at 
this mine), and the use of seismological techniques. Stress inversions from 
moment tensor analysis in the surrounding volume are good candidates for this 
analysis. 

The discrepancies between the models’ plasticity and the mine’s seismicity 
could be caused by 1) the oversimplification of important geomechanical 
features, and/or 2) an inappropriate constitutive model/material properties. 
More advanced methods of representing seismicity in numerical stress analysis 
models will be evaluated in the future work. In particular, it is recommended 
that methods of representing brittle failure be evaluated and potentially 
implemented in the numerical modelling. 

It is also noted that considering the entire seismic database within 
Block 33/Block 34 and using Es/Ep as an indicator of source mechanisms did 
not improve the understanding the seismic behaviour. The large time span used 
limited the possibility for analysis of migration and patterns of seismic events 
due to an overwhelming number of events and no temporal patterns. It is 
integral that migration of seismicity and smaller modelling time steps are 
evaluated in combination with source mechanisms analysis (for example, via 
Es/Ep and moment tensor analysis). 
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Despite the simplicity of the models, the results from the preliminary numerical 
stress analysis were critical to the understanding of the importance of 
developing a more detailed geomechanical model. These models clarified that 
the causes of the seismic behaviour at the Kiirunavaara Mine were more 
complex than previously understood. The new conceptual model of rock mass 
behaviour provides a clear, information based step forward to increase the 
complexity of the numerical stress analysis models. Evaluating the role the clay 
zones play in stress redistribution, as well as the geomechanical domains are 
natural first steps to increase the complexity of the stress analysis models. 

A potentially useful addition dataset to the geomechanical model is seismic 
tomography. The 3-D model of changes in velocity could indicate, for example, 
volumes of fractured rock or concentrations of stress. 

Since many of the seismic events at the mine have high Es/Ep ratios (indicating 
that they are shear type events), the inclusion of discontinuities in numerical 
stress analysis models is likely inevitable. Still unanswered both in the literature 
and in this study, however, is which structures are necessary to include and how 
to numerically represent them. The analysis of the geomechanical model 
provided a new conceptual model of rock mass behaviour; however it is one 
mostly controlled by material properties. It is postulated that a combination of 
ESS, the results from the structural domain analysis, seismological analysis 
(such as moment magnitude), statistical analysis, and potentially other 
techniques may provide some insight into this query. This will be explored in 
future work.  
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7 Conclusions, recommendations and future work

7.1 Conclusion
This thesis presented the preliminary work towards a mine-scale understanding 
of rock mass behaviour. Exploratory numerical modelling and geomechanical 
characterization were used to identify, at the mine-scale, which numerical stress 
analysis simplifications are appropriate, and which rock mass features and 
characteristics are potentially significant to rock mass behaviour. The main 
conclusions reached as a result of this study are summarised below. 

Stress state related conclusions: 

1. Simplification of the rock mass into footwall, hangingwall and orebody 
materials, combined with production simplifications, was sufficient to 
estimate measured stresses at two sites with reasonable accuracy. The 
use of elastic or plastic constitutive models had little effect upon this. 

2. Some differences in magnitude and orientation exist between the 
measured stresses and the stresses from the models, in particular at the 
deeper site (Level 1252 m) and for the intermediate and minor principal 
stresses. This could be due to a number of causes, including errors 
related to modelling simplifications, errors related to stress 
measurements, or local stress rotations caused by nearby discontinuities. 

3. The virgin stress state estimated by Sandström (2003) is consistent at 
depth. 

4. 3-D geometry of materials and mining excavations were important to the 
stress state. 

Plastic failure and rock mass damage related conclusions: 

5. An overall agreement between the locations of modelled plasticity and 
seismicity in Block 33/Block 34 was not found. This could be caused by 
a non-representative set of material properties used, location errors 
associated with the seismic data, or that the simplifications used in the 
models (such as three material types, and no discontinuities) cannot 
adequately represent seismic behaviour. 

6. Use of Es/Ep to categorise seismic events based on source mechanisms 
for the block on the entire seismic catalog did not result in clear spatial 
patterns of source mechanisms. The use of smaller time scales may 
improve the results. 
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Geomechanical model related conclusions: 

7. The new technique for developing 3-D geomechanical models in 
geological complex and heterogeneous environments provided unique 
insights into rock mass behaviour at the mine. This technique is of 
interest for other mines in similarly complex and heterogeneous 
geological environments. 

8. New groupings of intact rock strength were presented based on statistical 
analysis of currently available data. There are large variations in intact 
rock strength of the geological units, and within their groupings. 

9. An extension of previous quantitative domaining techniques was 
developed to assess changes in structural domains in 3-D. The technique 
was applied to the Kiirunavaara Mine, and new domains were identified. 
Of note, the southern half of the orebody had a random joint set that was 
not present in the northern half. 

10. Mine-scaled models of clay altered volumes and RQD were created from 
LKAB’s core logging database. The clay model was calibrated to 
LKAB’s underground mapping data. In particular, the southern half of 
the orebody had significantly more clay alteration and lower RQD 
values. 

11. Comparison of the geomechanical model with falls of ground lead to the 
development of a new conceptual model of some of the rock mass 
behaviour. When viewing from the direction of in situ principal stress, 
falls of ground were concentrated in the rock mass between the clay 
altered volumes. It is postulated that the clay zones result in 
concentrations of stresses in the rock mass immediately surrounding the 
clay. This increased stress may increase fracturing of the rock mass in 
that area prior to mining, possibly indicated by the lower RQD values 
and random joint set in the vicinity. This stress concentration combined 
with mining induced stresses has the potential to explain some of the 
rock mass behaviour. Testing of this conceptual model is required. 

The results, analyses and techniques presented in this thesis are of clear use to 
the understanding of rock mass behaviour at the Kiirunavaara Mine. The 
geomechanical characterisation technique developed may be effective for other 
geological environments that are complex and heterogeneous. The improved 
geomechanical understanding of the mine-scale behaviour at the Kiirunavaara 
Mine gained from this thesis provides clear directions for future research. 
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7.2 Summary of contributions
Through this research, the following contributions have been made: 

 Created a new, 3-D numerical stress analysis model of the Kiirunavaara 
Mine which can be used for future analyses with discontinuities (as a true 
discontinuum) and with more complex constitutive models. This is the 
first model of the Kiirunavaara Mine with these possibilities. 

 Confirmed that the in situ virgin stress state at the mine, determined 
previously, is consistent at depth. This was previously questioned for this 
rock mass. 

 Identified that elastic or perfectly plastic continuum models of the rock 
mass at the mine are appropriate for estimating mining induced stress 
changes. However, these types of models are not able to represent all rock 
mass behaviour (such as seismicity). 

 Developed a new methodology to create multi-source geomechanical 
models, including the extension of a previous quantitative domaining 
technique into three dimensions. 

 Contributed to the databases at the mine in the form of geomechanical 
core logging data and point load test data. 

 Created a mine-scale geomechanical model of the Kiirunavaara Mine. 
This includes new groups of intact strengths based on geological units, 
new structural domains, new models of weak volumes and a new model 
of RQD. 

 Compared the geomechanical model of the mine to falls of ground, and 
thereby developed a new hypothetical conceptual model of the role of 
geology in some of the behaviour of the rock mass at the Kiirunavaara 
Mine. 
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7.3 Data collection related recommendations
In additional to the regularly acquired data at the mine, the following 
recommendations are offered based on this work to add value to future research 
and analyses: 

 For both the exploratory numerical stress modelling and the development 
of a geomechanical model, the importance of calibration data cannot be 
overstressed. Distinct and separate from data used as inputs, the 
calibration data were critical to assess reliability and to ground truth 
results. For this study, the calibration data were in the form of stress 
measurements, seismicity and underground mapping. Due to the added 
value and hypothesised importance, it is recommended that targeted 
underground mapping be done in the future to identify any additional clay 
volumes. 

 Additional data focusing on understanding the intact strength variation is 
recommended. As the beginning of this process, data regarding the degree 
of alteration of the point load test samples is recommended to enable the 
statistical assessment of the influence of alteration on intact rock strength. 
Further understanding may be gained from thin sections to examine the 
fabric of the rocks, velocity testing on samples, and acoustic emissions 
monitoring during UCS testing. 

 Additional data collection focusing on building the UCS database is 
recommended for rock strength groups which are abundant in the rock 
mass and do not have sufficient data points. It is recommended that UCS 
tests and/or triaxial tests be used for this purpose. This will provide more 
accuracy when scaling the Point Load Strength tests values. 
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7.4 Future work
The results of this research present much opportunity for, and direction of, the 
future work. As described in Section 1.3, the future work will incorporate 
additional complexity into the numerical stress analysis models step wise. With 
the creation of the large-scale geomechanical model of the mine and 
exploratory numerical stress analysis, the steps forward are better defined. 
Possible topics for future research and analysis with respect to the mine-scale 
models include: 

 Exploration of the role of the clay volumes in stress redistribution, and a 
numerically appropriate way to represent these clay volumes. Potential 
numerical difficulties exist due to the large stiffness contrasts between 
clay material and the surrounding rock. 

 Exploration of the role of the rock mass strength and structural domains 
in rock mass behaviour. Consideration needs to be given to scaling of 
rock mass properties from a domain perspective. Due to the large 
variability in rock mass strength, this rock mass is a good candidate for 
statistical representation of strength properties, rather than static 
properties over a large volume. 

 Research is required regarding approaches to identify which 
discontinuities need to be explicitly included in numerical stress analysis 
models due to their potential for slip. This is an important item for the 
rock mechanics community as 1) fault slip is an important failure 
mechanism, and 2) inclusion of all discontinuities in a numerical stress 
analysis model is rarely computationally possible. 

 Research is also required regarding how best to model these 
discontinuities, and which modelling parameters (such as ESS, moment 
magnitude, amount of slip, etc.) should be used to evaluate slip along 
discontinuities. 

 Further work will be completed in an attempt to identify temporal and 
spatial patterns of seismic events. This has the potential to improve the 
understanding of both the mining induced rock mass failure as well as 
fault slip at the mine. 
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 Additional information about the stress state is always useful to help 
calibrate model parameters. Comparison of the model results from this 
study and Mäkitaavola's (2011) elastic mine-scale model will be 
conducted for the locations of the recent stress measurement sites. Results 
from stress inversion (as part of the supporting work for this project done 
by other researchers) need to be compared to the model results. 

 Alternative constitutive models, such as those specifically related to 
brittle failure, for example Hajiabdolmajid et al., (2002), may prove to be 
a useful inclusion in the numerical models. However, as with all 
constitutive models, it is critical that the selected input parameters 
regarding rock strength are well supported by data and analysis. 

 As part of the supporting work for this project done by other researchers, 
velocity tomography models of the rock mass will be created. These 
models will be included in the geomechanical model, as they may 
indicate rock damage and stress concentrations. 

Additionally, a smaller scale analysis is planned for the study volume. Further 
work on a smaller scale geomechanical model will be completed in addition to 
the creation of related numerical stress analysis models. The planned work 
gives the opportunity to evaluate interaction between the geological and mining 
environments at multiple scales. 
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ABSTRACT: Mining induced seismicity and rockbursting significantly increased in the LKAB Kiirunavaara
Mine when mining production progressed beyond 700 m depth. Since 2008, significant work has been done at
LKAB to better understand their induced seismicity. It has been identified that the majority of seismic events in
the mine are likely caused by the interaction of mining excavations and structural geology.

Two complimentary PhD projects (funded by LKAB) are underway at Luleå University of Technology to
address the cause of the seismicity experienced at the mine, with one concentrating on mine seismology and one
on rockmechanics.The rockmechanics project, the focus of this paper, concentrates on quantifying relationships
between mining sequences, geomechanical and geological conditions, stress changes and induced seismicity at
the mine. A series of numerical models will be developed based on an extensive data acquisition campaign
to examine the interaction between the mining and geological systems. The role of structural geology in mine
behaviour and its application to mine planning is of particular focus within these models. This paper presents
the methodology of the rock mechanics project, including: data acquisition, data analysis, and numerical stress
analysis models and modelling techniques.

1 INTRODUCTION

LKAB’s Kiirunavaara Mine, located in Kiruna, Swe-
den, is a large scale, iron ore, sublevel caving oper-
ation. The mine produces 28 million tonnes of crude
ore per annum from 10 geographically defined pro-
duction areas along the strike of the orebody, termed
blocks. The productions blocks are named from the
(strike-oriented) y-coordinate approximately at the
centre of the block. The current main haulage level
is at 1045m, which is approximately 800m below the
ground surface.

The orebody, illustrated in Figure 1, consists mostly
of magnetite and is approximately 4.5 km long. The
width of the orebody varies from a few meters up
to 150m, but averages around 80m. The dip ranges
from 50◦ to 70◦. The orebody is open at depth, with a
delineated depth of approximately 1100m. The foot-
wall consists mostly of trachyte and the hangingwall
consists mostly of rhyodacites. Geological structures,
including discontinuities (both fractures and faults)
and dykes exist throughout the ore and host rock.

The Kiirunavaara Mine has been experiencing seis-
micity and rockbursting issues with increased depth
of production. Through the analysis of seismic source
characteristics and the location of seismic events it has
been identified that geological structures are the likely
underlying cause to some of the larger seismic events
at the mine.

Extensivework has been done at LKAB to link seis-
micity to existing geological structures. (Dahnér et al.
2012) As described by Dahnér et al. (2012) the mine
uses the software MS-RAP to automatically cluster
events based on their locations. Clusters are grouped
based on their seismic source parameters with the
purpose of identifying structures. However, the struc-
tures that have been identified using this method have
not (except in a few specific cases) been linked to
structures mapped underground. Shotcrete used for
underground support provides a practical difficulty for
extensive structural mapping.

Similarly, although it has been identified on numer-
ous occasions that structural geology significantly
impacts the behaviour of an underground mine (e.g.
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Figure 1. Kiirunavaara orebody and ore handling develop-
ment. Blocks are delineated by dashed lines. Each block has
its own ore pass system with corresponding numbers (from
Sjöberg et al. 2003).

McKinnon (2006)), there is a gap in the literature
regarding:

1. The exact role that geological structures play in
mine behaviour.

2. How to determine which structures are critical with
respect to mine behaviour.

3. What data is required to understand how geological
structures are influencing mine behaviour.

4. How to model geological structures so that the
potential future mine behaviour can be more reli-
ably estimated.

Two complimentary PhD projects funded by LKAB
are underway at Luleå University of Technology to
explore the causes of mining induced seismicity at the
Kiirunavaara Mine. One project focuses on seismol-
ogy, and one on rock mechanics. The scope of this
paper is limited to the rock mechanics project.

Block 33/Block 34, referred to as the study block,
was selected as an area of focus for this project. The
study block extends 600 m along the orebody. It has
two important characteristics that lead to its selection
for this project: It would remain in production over the
duration of the project, and it is one of the two most
seismically hazardous blocks in the mine. It also has
the advantage of not being located at the edge of the
orebody. The objectives of this project are as follows:

1. Increase the understanding of rock mass stresses
and rock mass properties and their changes as
mining progresses.

2. Identify rock mass characteristics that are useful as
indicators of potential violent events.This will help
motivate and focus data collection and analysis in
the future.

3. Within the study block, evaluate the impact of
structural geology on rock mass behaviour.

4. Provide guidance on how to incorporate structural
geology elements into numerical models, assign
appropriate parameter values and how to interpret
these numerical results.

5. Develop guidelines for future numerical modelling
analysis at the mine.

Figure 2. Project methodology.

Figure 2 outlines the planned methodology to
accomplish the goals. As described in the follow-
ing section, an extensive data analysis campaign is
underway to provide reliable input data for numer-
ical models, as well as to support the PhD project
focusing on induced seismicity. The numerical mod-
elling methodology, the focus of this paper, uses a
two part adaptive modelling strategy. The planned
methodology is described in Section 3. Major points
of consideration are presented within the Discussion.

2 DATAACQUISITIONANDANALYSIS

There are two major objectives of data acquisition and
analysis:

1. Populate the numerical models with realistic ini-
tial parameters, material geometries and geological
structure geometries in 3D space.

2. Use the data for model calibration and verification
purposes.

2.1 Types of data

The project will use data that the mine is already
collecting, data from new campaigns, and data from
the complementary PhD project focusing on mining
induced seismicity. Data of interest that the mine is
already collecting includes:

– Geology (lithology)
– Structural geology
– Drill core logging of rock quality designation

(RQD)
– Rock property testing results
– Underground rock mass characterization mapping
– Mine development and production
– Rockfall information
– Mining induced seismicity

New data acquisition campaigns in the area of the
study block include:

– Structural geology kinematic analysis
– Geomechanical core logging
– Stress measurement campaign
– Deformation monitoring using extensometers
– Laboratory testing for rock mechanics properties
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Campaigns that have been completed or are under-
way are described in further detail in the following
sections.

2.2 Structural geology and kinematic campaign

The first part of this study is complete. Two structural
geologists completed a multi-phased underground site
investigation to provide information on the geologi-
cal structures. The work, completed by Berglund &
Andersson (2013), was focused on the study block and
nearby vicinity. The objectives of the work were:

1. Define the nature and characteristics of the bound-
aries of the study block.

2. Define the characteristics of the geological struc-
tures in the block.

3. Define how the structures vary with respect to
lithological location (i.e. hangingwall, ore, and
footwall areas).

4. Provide information regarding the stress field in
which geological structures formed.

The results have indicated a number of distinct
sets of brittle discontinuities that were formed during
different tectonic regimes as well as at multiple gen-
erations of clay alterations. These alterations appear
as lensoid shaped volume along the strike of the ore.
Ore parallel faults seemed to have the largest extent
and accommodate most of the strain. The study block
is bounded by clay alteration in the northern end.
(Berglund &Andersson 2013)

The data obtained from this campaign will be used
to populate the numerical models with likely geologi-
cal structures, material properties for those structures,
and boundary conditions. Information from this analy-
sis regarding which discontinuities accommodate slip
will be used as part of the model validation process.

2.3 Geomechanical core logging campaign

Approximately 5200m of diamond drill core from
the study block has been geologically logged, geome-
chanically logged and photographed. Standard geome-
chanical logging was completed, including determin-
ing: RQD, rock hardness grade, joint infilling joint
weathering number, joint alteration number (Ja), and
joint roughness number (Jr). An example of the core
mapped is found in Figure 3.

The core logging campaign has shown that the
project block encompasses geomechanical rock mass
properties that are not commonly found in hard rock
mining environments. Some of these characteristics,
such as distinct areas of clay alteration, foliation, a
varying degree of fracturing, and highly blended and
variable geology, are shown in Figure 3.

The core logging data will be used to gain an under-
standing of the rock mass’ mechanical properties, as
well as to aid in the identification of the geometry of
geological structures through 3D analysis. Relation-
ships between available data will be explored, such as
the variability of a property within a given rock type.

Figure 3. Example of core thatwas geologically and geome-
chanically logged from study area.

Figure 4. Example of RQD data from the campaign and
plotted in 3D space. Hot colours indicate low RQD values,
whereas cool colours indicate high RQD values.

An example plot of the RQD data from the campaign
in 3Dphysical space is illustrated in Figure 4.This data
will be used in the identificationof potential geological
structures.

2.4 Stress measurement campaign

Aunique, deep stressmeasurement campaign is under-
way at theKiirunavaaraMine.All stressmeasurements
associated with this campaign are being completed in
the study block.

Within the study block, two stress measurement
sites have been completed (levels 1165mand 1252m);
a third site planned for the near future (level 1079m).
At each site, a minimum of two boreholes, with at least
three successfully completed absolute stress measure-
ments using overcoring and the Borre probe (Sjöberg
et al. 2003, Sjöberg & Klasson 2003) were performed.
Biaxial testing is used on these samples to determine
the elastic material properties, Young’s modulus and
Poisson’s ratio. A CSIRO HID was installed in each
of the two boreholes at each measurement site. This
device will measure relative stress changes over time,
on 15minute intervals. It is planned that stress changes
will be monitored as mining activities progress over at
least two years. After the measurement time has ter-
minated, these cells will be overcored to verify the
absolute stress levels.

The data from this campaign will be used for both
calibration and validation of the numerical models.
The stress values from the absolute measurements will
provide an understanding of the current stress field to
assist with the initialization of a stress field in themod-
els.The information from theCSIRO cells will be used
formodel validation by comparing themeasured influ-
ence of mining on stress changes with that predicted
by the models.
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2.5 Proposed data analysis techniques

Input parameters required for the models include:

– Distinct rock mass types important to geomechan-
ical behaviour and geometry of boundaries

– Rock mass material properties
– Types and geometry of structures (discontinuities,

dykes, contact zones)
– Material properties of structures
– In situ stress

It is only through the compilation and analysis of
data from the previously mentioned multiple sources
that a view of the underlying causes of the geomechan-
ical behaviour at the mine can be attained.

Models of different scales have different require-
ments in terms of input data resolution. A large scale,
simplified model does not require a high amount of
data resolution as it will not influence the model
behaviour. However, a smaller scale model, in which
the expected outcome is more detailed behaviour,
requires a greater resolution and accuracy in data.

As with the nature of rock engineering related prob-
lems, the models’ input data is based on information
from distinct measurement points in a 3D volume.
Any information between these points needs to be
interpolated. Most typically in rock mechanics, this
information is generated from a simplified lithology
model.

This approach may not be appropriate for more
complex rock masses or those with high parameter
variability. With the availability of detailed geological
and geomechanical information, plus observations of
behaviour in the test block, a comparison of the sim-
plified versus complex data analysis approaches will
be possible.

The data analysis will evaluate any correlations
between data and rock type. In thisway, an understand-
ing of the variability of properties within rock types
will be evaluated. If the properties of individual rock
types show a high degree of variability, more rigorous
statistical analysis will be undertaken.

Since rock mass properties were created by geo-
logical processes, it is appropriate to assume that
properties are spatially related. It is for this reason that
a geostatistical approach will be considered.

Geostatistics is used to populate a 3D volume from
single measurements points in that space using the
knowledge that due to geological processes, geological
data are spatially related. There are a number of differ-
ent statistical techniques within geostatistics that are
applied to different geological environments. The dis-
cussion of these is beyond the scope of this paper. This
methodology is atypically applied to rock mechanics
related parameters.

3 NUMERICAL METHODOLOGY

3.1 Summary of modelling strategy

Two series of integrated models are planned, each
with different scales (see Figure 5). The first series

Figure 5. Conceptual model of scale methodology. Longi-
tudinal section of the mine scale model shownwith boundary
conditions. The orebody is shown in dark grey the host rock
is shown in light grey. Boundaries and boundary conditions
for the study block scale models will be determined from the
results of the mine scale models.

of models will be at the mine scale. The purpose of
these models is to determine large scale behaviour as
influenced by structural geology. The second series of
models will be on a much smaller scale, focusing on
the study block and nearby vicinity. The results from
the larger scalemodels will act as boundary conditions
to the smaller scale models.

Considering the complex mining geometry, the
interest in the behaviour of discontinuities, and the
likelihood of physical instabilities in the model, a 3D
explicit discontinuum code is the most appropriate
choice of code. Itasca’s 3DEC (Itasca CG 2013) was
chosen as it meets these requirements, is highly cus-
tomizable via the scripting language available to users
and is widely accepted in the field of rock mechanics.

Since (i) there is a gap in the literature regarding
how to incorporate structural geological elements and
(ii) numerical models should never be more compli-
cated than necessary, the models will be run using an
adaptive strategy. The early stages of modelling will
have large simplifications. As modelling progresses,
models will be run with additional complexity in input
data.

This approach will enable the effects of simpli-
fication of features incorporated into the models to
be investigated. The rock mass behaviour and failure
mechanisms at the KiirunavaaraMine, andmany other
deep mines, are exceptionally complex. The adaptive
modelling strategy proposed will lead to the develop-
ment of guidelines for the largest amount of simplifi-
cation that will still represent complex behaviour. This
simplification is essential so (i) computation power is
available to model it, and (ii) the results, and under-
lying failure mechanisms, are still representative and
understandable.

3.2 Mine scale models

The mine scale numerical models incorporate the
entire orebody geometry surrounded by the footwall
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Figure 6. 3DEC model of the Kiirunavaara Mine. Red
material represents the orebody, blue material represents
the footwall, and green material represents the contact area
between the footwall and the hangingwall. The hangingwall
is hidden.

and hangingwall material (see Figure 6 for the basic
geometry of the initial large scale model). These
models make use of extensive simplifications and
incorporate only the initial results from the data anal-
ysis. In the models, more accurate detail with respect
to lithology is present in and around the study block.
Further away from the study block there are an increas-
ing degree of simplifications.The historical and future
mining production sequencing will be included in the
models.

The mine scale models are initially run as con-
tinuum models, only incorporating basic rock mass
lithology. These models are run to improve the under-
standing of stress redistribution as a result of mining,
as well as to test the validity of a simple model for this
situation.

A sensitivity study will be completed to help con-
strain input parameters. After the initial model has
been run, variations of in situ stresses and material
properties will be tried. The results of these models
will be compared to the stress measurement campaign
data.

As the adaptive modelling process progresses,
structural geological elements will be included, and
the large scale models will be run as a discontinuum.
These models need more data than their continuum
predecessor models, as structures must be included.
Data must be analyzed to determine the geometry of
geological structures as well as likely material proper-
ties.Any insights from the previous continuummodels
will be included.

The objective of the mine scale models is to answer
the following series of questions:

1. How do large scale structures, lithology changes,
and mechanical property changes impact mine
behaviour?

2. Which geological structures have an impact on
mine behaviour?

3. What role do material property differentials play in
overall mine behaviour?

4. What does the stress redistribution caused by min-
ing production look like?

5. What are reasonablematerial properties for the rock
mass and structures?

6. What are the input parameters for the small scale
models (stresses, boundary conditions andmaterial
properties)?

7. What simplifications are appropriate?

3.3 Study block scale models

After the mine scale models have been run, the scale
will be reduced to the size of the study block plus
whatever is necessary to create appropriate boundary
conditions. These models will use output data from
the large scale models as well as information learned
to gain an understanding of the local block behaviour.
These models aim to answer the same objectives as
the mine scale models, however, at a smaller scale. An
additional outcome of multi-scale analysis is to eval-
uate if rock mass behaviour and its underlying causes
are scale invariant.

A large amount of data analysis will be conducted to
provide high resolution geometry and material prop-
erty input data for these smaller scale models. Initial
boundary and stress conditions will be taken using
the output information from the mine scale models.
Any contributions to knowledge as a result of previous
models will be incorporated, such as the appropriate
simplifications and reasonable boundary conditions.

Much like all of the other models, the block scale
models will utilize the adaptive modelling methodol-
ogy; newelementswill be progressively included in the
models, assessing simplification of a complex system.

4 DISCUSSION

There are numerous considerations to evaluate as this
work progresses, such as:

– There is a large quantity of data from a variety
of sources. Determining what aspects of geolog-
ical structures are important to mine behaviour,
what data is required, and how to represent geolog-
ical structures numerically has not been previously
accomplished.An establishedmethodology to eval-
uate the impact of structural geology upon mine
behaviour does not yet exist. However, the adaptive
modelling methodology developed offers a means
of exploration and discovery.

– Scale issues need to be considered, as their impact
is currently unknown. The resolution of input data
as compared to the area of interest (the size of the
model) has not been established. Considering that
appropriate simplifications at one scale may not be
appropriate at another, it is important to be able to
quantify the scale effects for purposes of reusing
the methodology in other mines and environments.
Accomplishing this is an outcome of the adaptive
modelling technique, as data is analyzed and inter-
polated on a variety of scales.Themodelling results
will show which simplifications are appropriate at
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different scales. The first step of this solution is
underway with the development of the large scale
models built with simplified information.

– Although commonly used for ore forecasting, 3D
spatial statistics are not commonly applied to
geomechanical information. There will be similar-
ities and differences between the approaches, but
these are yet to be fully defined. It is important that
the degree of improvement these techniques created
is evaluated to indicate if this is a viable solution for
future data analysis in rock mechanics problems.

– From the data collection and analysis currently
completed, it is evident that we are encountering
different characteristics than we would typically be
accustomed to in a hard rock underground min-
ing environment. An example of this is the degree
and frequency of clay alteration present within the
rock mass. Due to issues such as this, it is unclear if
typical testingmethodologies used in rockmechan-
ics will capture the true failure mechanisms. This
presents difficulties as to how the rock mass is to
be represented in the numerical model. To combat
this issue, extensive characterization of the rock
mass in the study block is underway, including
characterizing the degree of clay alteration.

5 CONCLUDING REMARKS

A methodology to analyze the impact of structural
geology on rockmass behaviour has been presented. It
is an adaptive methodology; one that aims to explore
the influence of structures at the mine while sim-
plifying the environment as much as possible. This
methodology relies on the development and appli-
cation of new data analysis techniques. Although
there are many questions created during the process
of this work, the adaptive modelling methodology
and accompanying data analysis techniques provide
a framework for exploration, discovery and research.
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Abstract
LKAB’s Kiirunavaara Mine, located in northern Sweden, has exhibited seismic behaviour since the mining
production extended below 700 m depth. Iron ore is mined from the 4.5 km long orebody via sublevel caving
at a production rate of 28 million tonnes per annum. The deepest current production level is at
approximately 800 m depth, and current mining plans call for mining to about 1200 m depth. It is thus of
critical importance for LKAB to gain a deeper understanding of the stress and rock mass behaviour at the
mine.

The Kiirunavaara orebody has complex geometry and geology, which is represented using the discontinuum
distinct element code 3DEC. As part of a larger series of models investigating the influence of strength and
structural geology on rock mass behaviour, the results of multiple continuum models are presented. The
goals of these continuum models included: i) obtain a better understanding of the virgin stress field and
redistribution of stresses caused by mining, ii) further define the extent of mining induced plastic failure, and
iii) increase the understanding of existing failure mechanisms at the mine.

The elastic and plastic continuum models accurately produced principal stresses similar to measurements
recently conducted at two sites in the mine, confirming the previously estimated virgin stress state. Spatial
correlations between plastic failure in the model and seismicity in the hangingwall and footwall were found.
However, these correlations were not consistent throughout either material for any evaluated set of
material properties; either the plastic failure in the footwall or hangingwall corresponded well with
seismicity. This may be because a set of rock mass properties which represent rock mass failure at this scale
have not been evaluated or that some underlying failure mechanisms causing seismicity are not represented
in the models, for example, failure along discontinuities. Some events larger than moment magnitude of 1.2
in the hangingwall, in particular shear source mechanisms events, do not correspond well with plastic
failure from the model. These results potentially indicate that geological structures, which are not
represented in these models, influence mine behaviour.

The improved understanding of input data, rock mass behaviour, and failure mechanisms as a result of
these models has a direct impact upon mine excavation design and future rock behaviour investigations,
and will be used in the continued research, as well as in mine planning.

1 Introduction 
Since mining below approximately 700 m depth (Level 907 m), LKAB’s Kiirunavaara Mine in northern
Sweden has experienced mining induced seismicity and rockbursting. As mining progresses from the
current main haulage level (Level 1045 m) to the next main haulage level (Level 1365 m), it is expected that
the seismic behaviour at the mine will continue. Analysis of the mine’s seismicity conducted at LKAB and
Luleå University of Technology (LTU) (e.g. Dahnér et al. 2012; Skott 2013) has enhanced the understanding
of the mine’s behaviour. However, the direct correlation between geology, rock mass properties and failure
mechanisms remains largely unknown. Developing a greater understanding of the underlying causes of the
failure mechanisms of the rock mass is critical for continued safe production at the mine.
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The Kiirunavaara Mine uses sublevel caving to extract 28 million tonnes of magnetite ore per annum. The
orebody is approximately 4.5 km long, with variations in thickness (meters to greater than 150 m) and dip
(50° to 70°). Considerably less dense and stiffer than the ore, the host rock is comprised of trachyte in the
footwall, and rhyodacites in the hangingwall. Alterations and geological structures, in the forms of
discontinuities (fractures and faults) and dykes, exist throughout the host and ore materials.

The large scale failure mechanisms at the Kiirunavaara Mine in 3 dimensions (3 D) have not been previously
explored; prior to the work presented in this paper, only elastic numerical stress analysis of the mine
existed in 3 D. Plastic analysis enables a direct comparison of the plastic damage zone in the model to
seismicity measured at the mine (e.g. Andrieux et al. 2008). This comparison will improve the
understanding of the extent of the seismically active plastic damage zone, the influence of geology on rock
mass failure mechanisms, and the calibration of material properties. In addition, a recent stress
measurement campaign involving measurements at two deep levels in the mine, as described by Ask
(2013), provides an opportunity to evaluate the previously determined virgin stress state at the mine
(Sandström 2003), the redistribution of stresses caused by mining, and the influence of material properties
upon this stress redistribution.

The objectives of this analysis are:

Evaluate the validity of the virgin stress field as calculated by Sandström (2003).

Provide further understanding of the redistribution of stresses at the mine.

Increase the understanding of the extent of the plastic damage zone and the possible correlation
to the seismogenic zone at depth.

Identify seismic events anomalous to continuum behaviour, thereby directing future
discontinuum analyses and investigations of mine geology.

2 Methodology and model setup 

2.1 Methodology 
These models are part of a project to investigate the underlying causes of seismicity at the Kiirunavaara
Mine (see Vatcher et al. (2014) for a description of the overall project). The focus is upon a selected study
volume corresponding to a production region in the mine, named Block 33/Block 34. The study volume,
located in the middle of the mine extending from surface to below the planned depth of the mine (see
Figure 1), was selected as it is one of the most seismically hazardous blocks in the mine. Instrumentation
and measurement campaigns are focused inside of Block 33/Block 34, with the intention of developing
modelling and supporting data acquisition procedures which can be repeated efficiently for other areas in
the mine.

Due to the interest of incorporating geological structures, such as faults, in future models, the three
dimensional distinct element code 3DEC (Itasca CG 2013) was selected for the modelling. This paper
presents the results of the mine scale models prior to the addition of discontinuities. These continuum
models are the first steps to evaluating the influence of rock mass strength and geological structures on
mine behaviour. Subsequent work will include adding large scale discontinuities into the model.

Three continuum models were created to evaluate the influence of elastic or plastic materials and the
footwall strength on stresses and rock mass behaviour (Table 1). Due to the large scale of the models,
development excavations were not represented. An explicit excavation sequence was not used in these
models; a single excavation stage removed all stopes from the beginning of underground mining to the
present day production levels (see Figure 1 for current production levels along the length of the mine). The
production sequence was simplified according to sublevel and production area along the strike of the
orebody. Caving in the orebody was simulated as a void with no extension into the hangingwall.
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Table 1 Model cases 

Case Constitutive model Footwall strength case Excavation sequence

A Elastic, isotropic Base strength All stopes excavated simultaneously

B Perfectly plastic, isotropic Base strength All stopes excavated simultaneously

C Perfectly plastic, isotropic Low strength All stopes excavated simultaneously

Using Rhino (Robert McNeel & Associates 2014) and KUBRIX (Itasca CG 2013), a mesh of the
geomechanically relevant geological, physical and user defined boundaries was created for blocks in 3DEC.
This model generation technique enabled more complex geometries to be created than previously possible
with other techniques and has the additional benefits of adaptable discretisation and the ability to easily
change the model scale of interest. The model geometry was developed so that more geometric detail
exists in Block 33/Block 34 (Figure 1). Since regions external to the study block are represented in a more
simplified manner, model results external to Block 33/Block 34 have a lower accuracy and resolution.

Figure 1 Simplified orebody geometry for 3DEC models, longitudinal section as seen 
from the hangingwall 

2.2 Model setup 
A distinction was made between the hangingwall, footwall and orebody, as these are the geomechanical
domains of importance at this scale of continuum modelling. Material properties, listed in Table 2, were
assigned based on information modified from Sjöberg et al. (2012). Base material properties (Case A and
Case B) represent the best current estimate of the large scale rock mass strength parameters. The material
properties used for the low strength footwall material (Case C) were selected as the lowest likely strength
properties of the footwall material as described by Sjöberg et al. (2012). The footwall strength was reduced
in this evaluation due to the results from Case A and Case B.
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Table 2 Material properties (from Sjöberg et al. 2012) 

Property Footwall
Base strength

Footwall
Low strength

Orebody Hangingwall

Young’s modulus, E 70 GPa 70 GPa 65 GPa 70 GPa

Poisson’s ratio, v 0.27 0.27 0.25 0.22

Density, , 2,800 kg/m3 2,800 kg/m3 4,700 kg/m3 2,700 kg/m3

Cohesive strength, C 10.2 MPa 4.9 MPa 6.88 MPa 6.68 MPa

Tensile strength, T 2.23 MPa 0.21 MPa 1.21 MPa 1.00 MPa

Friction angle, 58.2° 49.5° 54.3° 55.1°

Model discretisation was dependent upon location relative to Block 33/Block 34 and the orebody; the
densest discretisation was in the study volume. In the remaining volume of the orebody and volume
immediately surrounding the orebody, the discretisation was slightly coarser. In the remaining host rock to
the boundaries of the models, discretisation increased further in coarseness. Model boundaries were
extended in depth, width and length as shown in Figure 2. The boundary representing the physical ground
surface remained unconstrained and zero normal displacement conditions were applied to the remaining
boundaries.

Figure 2 Isometric view of 3DEC model 
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Sandström (2003) evaluated historic stress measurements at the mine to determine relationships
describing the virgin stress state according to depth. These relationships, as listed below in Equations 1
through 3, were used in conjunction with gravitational loading to create the stress field prior to mining in
the models. Due to variable topography, the vertical datum was selected as the highest point in the current
topographic map to eliminate tensile stresses below the ground surface prior to mining. All stresses at the
datum are zero, below the datum are compressive and above the datum are tensile (refer to Equations 1
through 3). A selection of any alternative point as the vertical datum would result in in situ stresses that
were tensile in the model, which is not representative of the virgin stress state in the rock mass.

(1)

(2)

(3)

Where:

z = depth below surface, m

ew = stress in east west (X axis) direction (Kiirunavaara underground coordinate system), MPa

v = stress in vertical (Z axis)direction (Kiirunavaara underground coordinate system), MPa

ns = stress in north south (Y axis) direction (Kiirunavaara underground coordinate system), MPa

2.3 Evaluation criteria 
Stresses from all model cases and areas of yielded material from the plastic model were compared to
measured data regarding the rock mass behaviour and stress regime at the mine. The measured data
included:

1. Results from recent stress measurements at two locations in the mine (Ask 2013)

2. Seismicity at the mine as measured by the seismic monitoring network

As described by Ask (2013), multiple overcoring measurements using the Borre probe were made at each of
the measurement sites to obtain the absolute stresses. The measurement sites, at Level 1165 m and
Level 1252 m, were located approximately 100 m and 200 m deeper than any measurement used by
Sandström (2003). Both measurement sites were inside of the study area.

The seismic data used for this analysis consisted of all events recorded at the mine since the installation of
the mine wide seismic network system in 2008 (see Dahnér et al. (2012) for a description of the seismic
network and its installation). Location, seismic moment, S wave energy and P wave energy were
automatically determined by the system. For purposes of this analysis, data was filtered so that all events
were within Block33/Block 34. Data was not filtered based on time, since the mine volume was excavated
in a single step in the plastic model.

The seismic data used in this analysis was not filtered based on the location accuracy, however, statistics
provided from the seismic network system regarding event location accuracy are presented for evaluated
datasets. Events occurring outside of the volume of good seismic network coverage have less accurate
information, including location and magnitude. Extensive seismic network coverage exists in the footwall
and orebody at depth, with less coverage at depth in the hangingwall, and poor coverage near surface.
Future work will add event accuracy filtering to the analysis.
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3 Results and discussion 

3.1 Stresses 
The principal stress magnitude and orientation results from Case A, B and C are compared to the measured
principal stresses in Figure 3 and Figure 4 for the measurement sites at Level 1165 m and Level 1252 m
respectively. In general, the results from all models compare very well with the stress measurements.

Figure 3 a) Magnitudes and b) orientations of principal stresses from the models and 
measurements at the Level 1165 m measurement site. Orientations are 
presented in mine coordinates, where east is aligned with the positive X-axis 

Figure 4 a) Magnitudes and b) orientations of principal stresses from the models and 
measurements at the Level 1252 m measurement site. Orientations are 
presented in mine coordinates, where east is aligned with the positive X-axis 
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Results from the models and measurements at the Level 1165 m measurement site were very consistent in
magnitude and direction for all principal stresses (see Figure 3). All models resulted in minor principal
stresses that were of larger magnitude than those measured at Level 1165 m. At this measurement site, the
use of elastic or perfectly plastic materials had little impact upon the resulting principal stress magnitudes
or orientations. The stress state was not very sensitive to the reduction of footwall strength.

The model and measurement results at the Level 1252 m site also agreed very well, although they had a
larger variation in both magnitude and orientation than at the previous measurement site (Figure 4). All
models and the measurements resulted in similar directions of the major principal stresses; however there
are some discrepancies for directions of the intermediate and minor principal stresses at this site. Similar to
the measurement site at Level 1165 m, the models resulted in a higher magnitude minor principal stress
than what was measured. The use of perfectly plastic materials had very little influence upon the resulting
principal stress magnitudes and directions in the models.

The general concurrence between the model results and the measured stresses confirms that the virgin
stress state as defined by Sandström (2003), which was based on measurements at shallower depth,
appears to be consistent with depth. In addition, these models have confirmed that, at this scale, the use of
elastic or plastic materials with simultaneous excavation has little impact upon the resulting stresses. The
reduction in footwall strength had little impact upon the stress state at either site.

Further investigation is required to ascertain 1) why the magnitude of minor principal stress from the
models is consistently lower than those measured, and 2) why the results from the models and the
measurements of intermediate and minor principal stress directions have a larger difference at the
Level 1252 m site. Possible explanations for these results include coarse model zoning, model geometry
oversimplifications (in the form of geomechanical units or sequence), and/or geological structures in the
mine (and absent in the model) causing a rotation of the stress field.

3.2 Plastic failure zone and seismicity 
Plastic failure was evident in the hangingwall, footwall, and directly under the active level in the orebody
(see Figure 5 for plastic failure from Case B along an example plane in Block 33/Block 34). Plastic failure in
the orebody and footwall does not extend very far from the mining excavation. However, as seen in
Figure 5, the plastic failure extends much further into the hangingwall. Near surface, it is likely that the
model overestimates the extent of the plastic damage zone of the rock mass because this model was not
designed to evaluate rock mass behaviour in this area. The discretisation was coarse, tensile failure existed
at an early stage in the model near surface, and caving mechanisms, which would directly influence the
extent of the plastic damage zone at surface, were not explicitly represented in the models. Furthermore,
although subsidence and tension cracks exist on surface, there has been no evidence of such rock mass
failure extending as far as seen in the model. Near the lowest production level, the plastic failure more
likely represents the actual extent of rock mass yielding. As such, the analysis in this section progresses with
a focus on the plastic damage zone at depth.



Mine-scale numerical modelling, seismicity and stresses at Kiirunavaara Mine, Sweden J Vatcher et al. 

370 Deep Mining 2014, Sudbury, Canada 

Figure 5 Plastic failure from Case B along a vertical slice through the study area, 
approximately perpendicular to the strike of the orebody 

Rock mass failure mechanism, event source type and magnitude are closely linked. To better understand
the seismic behaviour at the mine, the ratio of the S wave energy to the P wave energy (Es/Ep) was used to
filter seismic events into tensile events (Es/Ep < 3), mixed source events (3 Es/Ep 8), and shear events
(Es/Ep > 8) (for guidelines, see e.g., ISS International (2006)). The moment magnitude, which is different
from the local magnitude calculated at the Kiirunavaara Mine, was calculated from measured moment
energy using the Hanks Kanamori equation (Hanks & Kanamori 1979):

(4)

where:

mM = Moment magnitude

M = Seismic moment, Nm

Figure 6 presents a histogram showing the spread of moment magnitudes categorised by event source type
for all recorded events in the study area at the Kiirunavaara Mine. Since the installation of the seismic
system at the mine, 67% of the events have been of a shear nature, 22% had a mixed source, and 11% were
tensile. However, the events which have a tensile source mechanism have a slightly higher average
magnitude.
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Figure 6 Histogram of moment magnitude by event source type 

The location error residuals for all events in the study area were, on average, smaller than that of the
maximum model zone sized in Block 33/Block 34 (Figure 7). This indicates that the locations of seismic
events and the locations of plastic failure in the model are compatible for comparison purposes.

Figure 7 Histogram of location error residual for all seismic events in the study area 

When considering all magnitudes of events in the mine’s entire seismic catalogue, there were no obvious
spatial differences between events of different source mechanisms. However, spatial clustering was
observed. One such cluster is shown in Figure 8, illustrating all events in Block 33/Block 34 since the
installation of the seismic system. In the hangingwall, the boundary of the seismogenic zone has a distinct
arced shape, starting near the current mining level and extending upwards and outwards into the
hangingwall. It is important to consider that the seismic network coverage in the hangingwall is not as
extensive as in the footwall, so some of these events have lower location and magnitude accuracy.
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The shape of the hangingwall cluster in Figure 8 was mirrored by the shape of the plastic failure zone from
Case B (Figure 8 a). Most of the events in the hangingwall were located inside of the plastic failure zone.
With the time scale used in this analysis, there was no indication that the events inside the model’s plastic
failure zone were biased towards a particular source mechanism. Despite using the same material
properties for the hangingwall, the plastic failure in Case C did not correspond well to the seismic cluster in
the hangingwall (Figure 8 b). The footwall strength influenced the extent of plastic failure in the
hangingwall. The strong correlation between the seismicity and the plastic failure from Case B provided a
preliminary indication that the base rock mass parameters used were representative.

Figure 8 All seismic events in the study area since the installation of the seismic 
system with plastic failure from the model overlaid as seen from the 
hangingwall for a) Case B and b) Case C 
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However, the comparison of plastic failure and seismicity in the footwall did not indicate that the base
material properties were representative of the large scale rock mass behaviour. The plastic failure in the
footwall from the case with the base material properties (Case B) did not correspond well to the seismic
behaviour in the mine (Figure 9 a). The long clusters of seismicity dipping towards the orebody under the
active mining level in Figure 9 are orepass noise and not related to rock mass behaviour. Case B did not
show as much failure as is evident in the seismicity, which may indicate that the footwall material
properties were too strong. Upon reduction of the footwall strength (Case C), there was more correlation
between the plastic failure and seismicity (Figure 9 b). The contradictory results regarding footwall strength
when comparing the plastic failure in the hangingwall and the footwall to seismicity may indicate that a
representative combination of material properties has not yet been determined or that additional failure
mechanisms not incorporated in this model (such as failure along discontinuities or anisotropy) are
responsible for some of the seismicity at the mine.

Figure 9 Plastic failure in the footwall (left) with all seismic events in Block 33/Block 34 
from the catalog overlaid (right) for a) Case B and b) Case C 

Seismic events were also filtered based on moment magnitude. Events larger than a moment magnitude of
1.2 were considered for this analysis because large magnitude events are of interest from a damage
perspective. This magnitude was selected as it significantly reduced the number of events to analyse (as
illustrated in the histogram presented in Figure 6). Figure 10 provides statistics regarding the large
magnitude event data. Shear events still dominate as the prominent source mechanism for all moment
magnitudes above 1.2.
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Figure 10 a) Histogram of magnitude by event source type for events larger than 
moment magnitude 1.2. b) Histogram of event source type for events larger 
than moment magnitude 1.2 

When considering events with a moment magnitude greater than 1.2, the location of the majority of events
is still statistically comparable to the model based on event location error and zone size (Figure 11).
Although the distribution of location error residuals has a different shape than the distribution when
considering all events in the study area, the mean location error residual is less than the maximum zone
size in the study area.

Figure 11 Histogram of location error residual for all events in the study area with a 
moment magnitude larger than 1.2 

Interestingly, the seismic events of moment magnitude greater than 1.2 for all source types create distinct
clusters in the hangingwall, as seen in Figure 12 a). Events from this set that have a shear source
mechanism are shown in Figure 12 a) as cubes. Upon examination of this subset of events, it is clear that
large magnitude shear events are not spatially part of the clusters created by the other types of large
magnitude events. Once volumes of plastic failure from Case B is overlaid in Figure 12 b) (Case B was
selected as this was the case with the best correspondence between failure and seismicity in the
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hangingwall), two significant observations can be made. Firstly, the large magnitude events do not
necessarily fit well inside of the model’s plastic failure zone, in particular in the north end of the study area.
This is likely caused by an oversimplification of geomechanical unit geometry, or the assumption of a
geological continuum within the model. The second observation is that many of the large shear type events
are outside of the model’s plastic failure zone. These models do not provide conclusive evidence indicating
whether these events are part of the hangingwall caving failure mechanism, fault slip events or if they have
inaccurate locations due to the limitations of the seismic system.

Figure 12 a) Seismic events in the hangingwall with a moment magnitude greater 
than 1.2, b) with plastic failure from Case B overlaid 

4 Conclusions and recommendations 
The following list outlines conclusions from this work.

The results from the developed models correspond well with those of the recent stress
measurement campaign. This implies that these 3 D continuum models can reasonable predict
large scale stress redistribution at the mine.

The virgin stress state at the mine as previously defined by Sandström (2003) is consistent at
depth.

Using a simultaneous excavation sequence, elastic or perfectly plastic materials cause little impact
upon the stress results for this specific case. In addition, the stress state at the measurement sites
is not sensitive to a reduction in footwall strength.

Plastic damage from the models corresponds well with the seismic event locations in the
hangingwall or the footwall, dependent upon the footwall strength. This may indicate that a set of
material properties to represent the large scale continuum behaviour has not yet been evaluated,
or that the underlying failure mechanisms of some events were not captured in the models (such
as discontinuum behaviour).

There are some large magnitude shear events in the hangingwall that do not correspond with the
plastic damage zone from the models. It is not clear if this is related to the caving mechanism or
to geological structures. Interpretation of mechanisms in this region may not be reliable due to
source location accuracy of events in the lower hangingwall region.
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The following suggestions for future work are offered:

Evaluate if a sequenced excavation will influence the resulting stresses at the mine site.

Evaluate if smaller zone size in and surrounding the study area has any impact upon the elastic
and/or plastic results.

Evaluate the influence of how caving is represented in the models.

Further evaluate the sensitivity of the models to changes in material properties and further define
any additional geomechanical domains.

Complete a more detailed, quantitative analysis of plastic failure versus seismicity. This includes
using a model that has smaller time spans between excavations since the installation of the
seismic system. In this way events can also be filtered based on time. Additional work is
recommended regarding filtering events based on location accuracy.

Evaluate the influence of including discontinuities.
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Abstract
An understanding of the relationship between the geological environment and 
rock mass behaviour induced by mining activities can lead to hazard reduction 
through knowledge-based design. However, characterisation of complex and 
heterogeneous rock masses that typify mining environments is difficult. A 
methodology to characterise these types of rock masses, based largely on 
classical statistics, geostatistics and an extension of previous quantitative 
structural domaining work, is presented and applied to the Kiirunavaara Mine, 
Sweden. In addition to a new perspective on intact rock strengths of geological 
units at the mine, a correlation was found between modelled volumes of clay, 
modelled RQD, newly identified structural domains and falls of ground. These 
relationships enabled development of a conceptual model of the role of geology 
in rock mass behaviour at the mine. The results demonstrate that the proposed 
methodology can be useful in characterisation of complex rock masses. 

Highlights
 Complex and heterogeneous rock masses are difficult to geomechanically 

characterise. 
 Proposed methodology to combine multiple data sources into 

geomechanical models. 
 The techniques, mostly based on geostatistics, are applied to the 

Kiirunavaara Mine. 
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 Routinely collected borehole data can be used to meaningfully 
characterise the rock mass. 

 Clay volumes, RQD and structural domains were related to falls of rock. 
 Integrated geomechanical models can help develop understanding of rock 

mass behaviour. 

Keywords
Geomechanical model, geostatistics, structural domaining, rock mass 
characterisation, alteration, rock mass behaviour 

1 Introduction
Mining induced rock mass behaviour is a result of the interaction between the 
mining and geological environments. An understanding of the role of 3-D 
geomechanical characteristics in rock mass behaviour can lead to significant 
opportunities for risk-mitigating engineering design. Typically, geomechanical 
models of mining environments are developed by using classification methods 
such as Geological Strength Index (GSI) or Rock Mass Rating (RMR). These 
methods were originally developed and calibrated for civil engineering 
excavations, such as tunnels, and are well suited to homogeneously jointed rock 
masses. Alone, however, they are unsuited to heterogeneous rock masses in 
which the strength and stiffness is affected by characteristics in addition to 
discontinuities, which typify the geological environment of many mines. 
Adaptations of GSI for heterogeneous rock masses have been developed (Hoek 
and Karzulovic, 2000; Marinos and Hoek, 2001), however, they are still mostly 
based upon planes of weakness, and as identified by Mandrone (2006), are less 
applicable when weakness exists in other forms, such as alteration. Over the life 
of a mine, geomechanically relevant data is often collected for different 
purposes, and there can be difficulty synthesizing these multiple sources of data 
into a coherent geomechanical model. Also, data availability and coverage 
issues specific to mining caused by economical and physical constraints (such 
as shotcreting limiting available mapping faces) often compound the difficulties 
associated with this process. 

This paper proposes a methodology to create a 3-D mine-scale geomechanical 
model for complex and heterogeneous rock masses using readily available data 
from mines, such as geologically logged core, Rock Quality Designation (RQD) 
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and mapped discontinuities. Luossavaara-Kiirunavaara Aktiebolag’s (LKAB) 
Kiirunavaara Mine, in northern Sweden, is used to illustrate the techniques. 
This geomechanical model created for the mine is then compared to fall of 
ground information, with the intention of developing a conceptual model of 
causes of rock mass behaviour and identifying indicators of problem areas. In 
2008, the Kiirunavaara Mine became seismically active (refer to Dahnér et al. 
(2012) for a detailed description). Several studies were undertaken by LKAB to 
understand the underlying causes and nature of the behaviour (Sjöberg et al., 
2012, 2011; Vatcher et al., 2014). Recent underground mapping, core logging 
and laboratory testing campaigns done in support of these projects have 
revealed that the rock mass is heterogeneous, with variable characteristics 
across both the 5 km length and >1000 m depth of the orebody. An additional 
potential complication for geomechanical characterisation of the rock mass is 
that there are volumes of clay alteration at the scale of meters to tens of meters. 

Previous studies at the Kiirunavaara Mine have been limited in scope with 
respect to development of a geomechanical model. The majority of these 
studies were limited in breadth of analysis, often focusing on portions of the 
available data at the time of each study (Henry and Marcotte, 2001; Lindgren, 
2013; Mattsson et al., 2010; Rådberg et al., 1989). Much additional data 
collection and analysis has been done since these studies with the intention of 
increasing the geomechanical understanding of the rock mass, providing a good 
opportunity to enhance knowledge. 

The data analysis techniques presented to create large-scale 3-D geomechanical 
models were intentionally selected for their compatibility with characteristics of 
the geology and typical limitations associated with data from mining 
environments, such as sparse coverage and few samples. The methodology 
utilises standard statistical tests, geostatistics, and an extension of previously 
published techniques related to quantifiable identification of structural domains. 

2 Kiirunavaara Mine 
The Kiirunavaara Mine is a large sublevel caving mine that produces 
approximately 28 million tonnes per annum of iron ore. With the deepest 
production level currently at approximately 800 m below surface 
(Level 1051 m), the rock mass is seismically active and rockburst prone. The 
newest main haulage level is at the Level 1365 m (see Fig. 1), and sublevels 
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currently have a 28.5 m separation. Mine coordinates are approximately aligned 
with the cardinal directions, and the Y coordinates (positive axis aligned with 
south), which crosscut the orebody, are used to divide the orebody into blocks 
for production and ore handling (see the numbered ore pass groups along the 
orebody in Fig. 1). 

 

Fig. 1 Sketch of the orebody and mine layout. Production blocks and associated ore 
pass groups are numbered based on their Y coordinate (numbered at the draw 
points in this image). Modified image from LKAB. 

The magnetite orebody extends approximately 5 km along strike, which is 
nearly north-south, with a varying width from meters to over 150 m and a dip of 
50-70° towards the east (positive X-axis in mine coordinates). For a detailed 
description of the geology, refer to Geijer (1910). The most specific geological 
classifications at the mine are done during core logging, whereas underground 
geological mapping is uses more generic geological classifications. The mine 
distinguishes ore rock types based on their grade and contaminate 
concentration. Footwall rock types are divided into three major classifications; 
granite, skarn or trachyte-trachyandesite (referred to as syenite porphyries at the 
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mine). The trachyte-trachyandesite is further divided into 5 subgroups based on 
their mineralogy, texture and/or alteration, referred to as Sp1 through Sp5. 
Porphyry dykes are also common in the footwall region. Hangingwall material, 
mainly rhyodacite (referred to as quartz-bearing porphyries at the mine), is 
similarly divided into 5 subcategories (Qp1 through Qp5) based on their 
geological alteration and/or texture. Underground geological mapping identifies 
the ore units based on grade and contaminant concentration (the same units as 
mapped during core logging), however footwall and hangingwall materials are 
mapped in less detail underground than they are during core logging. Fewer 
hangingwall data are available by either mapping or core logging due to 
underground access and ore-targeted drilling. 

Some of the rock mass at the Kiirunavaara Mine has undergone significant 
alteration. This alteration is in the form of both replacement of minerals by clay 
as well as leaching, leaving the rock porous (Berglund and Andersson, 2013). 
The clay-altered lens-shaped volumes are visible underground and in core from 
diamond drilling (as clay and possibly as core losses), and their extent ranges 
from centimeters to tens of meters throughout the mine. 

3 Data and methodology 
The selection of data was based on potential importance to geomechanical 
characterisation, availability, and reliability. Data analyzed in the development 
of the geomechanical model of the mine was selected because of their possible 
relations to intact rock strength, zones of strength and stiffness contrasts, rock 
mass quality and structural domains. The forms of these data sources available 
at the time of study at Kiirunavaara Mine are described below. Some of this 
data is routinely collected at the mine, and some was collected during 
specifically targeted campaigns in support of this and other projects at the mine. 

 The diamond drill core database consists of approximately 590 000 m of 
mostly 28 mm diameter core, from approximately 3000 boreholes 
(LKAB, 2014a). The extent of the data is shown by Volume A in Fig. 2. 
With few exceptions, all drilling is from underground, with fans of four 
holes on average at 50 m spacing along strike targeting orebody 
definition. The majority of drilling is done from the footwall due to 
access restrictions. On surface, geologists log these drill holes, identifying 
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geological units, core losses and zones of poor material (such as clay), 
and RQD. 

 A total of 56 unconfined compressive strength (UCS) tests were 
completed on 11 of the rock units, which are sourced from previous 
testing done by LKAB employees (Andersson, 2009), unpublished work 
(Westblom, 2014), and as a part of this study. Competent and 
representative samples were selected. Samples were extracted from many 
locations in the mine, mostly contained by Volume B in Fig. 2. 

 Approximately 740 Point Load Strength tests were completed on 20 of 
the rock units on 28 mm core for this study from Volume C in Fig. 2. 
Weaker samples were preferentially eliminated due to sampling 
technique. An additional 141 Point Load Strength tests were completed 
by Lindgren (2013) on lump samples from varied locations throughout 
the mine. These 141 tests were not used in this study to reduce the 
introduction of potential sources of error caused by 1) the different 
sample type and 2) the different location source. 

 Geological data exists from routine underground drift mapping, which 
focuses on definition of the orebody and the location of different types of 
ore rock units. The majority of mapping data is in the footwall and in the 
orebody. Extensive shotcreting limits mapping anywhere except working 
faces. In addition, a recent underground mapping campaign over the span 
of one year has provided a more detailed definition of clay zones in 
Volume C in Fig. 2. 

 Over 4000 mapped discontinuities exist in the database from underground 
drift mapping (LKAB, 2014b). The extents of these data are represented 
by Volume B in Fig. 2. All mapped joints have information about their 
orientation. 

 Geological Strength Index (GSI) has been mapped during underground 
campaigns (LKAB, 2014c). Data is available from between Level 1051 m 
and Level 1543 m within Volume B (Fig. 2), but data coverage is limited 
due to shotcreting. 

 A recent campaign acquired and analyzed data from underground 
mapping to provide an understanding of the kinematic regime of the rock 
mass (Berglund and Andersson, 2013). This is the first major 
underground campaign specifically related to faults at the mine, and was 
mostly conducted in Volume C (Fig. 2). 
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 Rock falls occurring during production are individually documented in 
reports and stored in a database at the mine. All rock falls have been 
systematically recorded since circa 2010, with selected events recorded in 
2008 and 2009. 

 The Kiirunavaara Mine has an extensive seismic network with related 
information stored in the database. Dahnér et al. (2012) provides a 
description of the network and mining-induced seismicity. 

 

Fig. 2 Data extents (not coverage) represented by boxes overlaid on an outline of the 
orebody (longitudinal view from the footwall towards the hangingwall). All 
volumes extend into the hangingwall and footwall. Mine coordinates along 
orebody strike (Y coordinates) are labeled. Volume A represents the data 
extents of the drill cores. Volume B shows the data extents of the 
discontinuities mapped underground. Volume C illustrates the location of 
extensive underground mapping campaigns to better identify geological 
features, such as structures and clay altered volumes. 

In complicated rock masses such as at the Kiirunavaara Mine, the importance of 
using statistics as a basis for analysis is heightened. With such large complexity 
and quantity of available data, there is a likelihood that geomechanical patterns 
become too convoluted to analyze without the assistance of statistics. As such, 
the methodology to build the geomechanical models is based on statistical 
analysis of physical data, using operational experience and separate data 
sources for verification where possible. 

Geostatistical techniques have been used with success to assess rock masses 
from a geomechanical perspective for a variety of purposes (Ayalew et al., 
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2002; Coli et al., 2012; Ozturk and Simdi, 2014; Stavropoulou et al., 2007). 
These techniques are well suited to data-rich environments that have large-scale 
changes in characteristics. Due to its robust and quantifiable nature and 
suitability with complex and heterogeneous geological environments, 
geostatistics was selected as one of the main spatial analysis techniques to 
develop the geomechanical model at the Kiirunavaara Mine. 

The proposed methodology employs the use of standard geostatistical 
techniques with additional statistical analysis to understand the large-scale 3-D 
patterns of rock mass characteristics, such as structural domains, zones of high 
or low stiffness material and rock mass quality. These areas are first analyzed 
separately and then subsequently synthesised in 3-D space to create one 
geomechanical model. Geostatistical analysis is limited to identification of 
volumetric characteristics of the rock mass, and specifically excludes 
identification of discrete features such as faults, for which targeted underground 
mapping is better suited. 

As with all modelling, control data for calibration and verification purposes is 
essential. Good candidates include data related to rock mass behaviour as well 
as seismicity, rock falls and drift mapping. Data sets which are too sparse for 
statistical analysis or which are in an unsuitable format (such as maps or 
photos) can be used as control data. 

4 Geomechanical characterisation 

4.1 Intact rock strength 
A complete understanding of the intact strength differences between geological 
units does not yet exist at the Kiirunavaara Mine. UCS and Point Load Strength 
tests were selected to evaluate intact strength. Typically, the results from Point 
Load Strength tests are used to gain additional strength information by scaling 
the Point Load Strength Indices (Is(50)) to UCS values. Numerous empirical 
relationships exist in literature for the scaling of Is(50) data to UCS values 
(Bieniawski, 1975; D’Andrea et al., 1965; ISRM, 1985; Kahraman, 2001; 
Kohno and Maeda, 2012). Most of these relationships use linear scaling as 
suggested by ISRM (1985): 

 (1) 
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where  is the scaling factor. The scaling factor suggested in the testing 
standards ranges from 20-25, however it is acknowledged in the standards and 
confirmed by others (previously listed) that this value may vary between 15 and 
50 and is highly dependent upon rock type (ISRM, 1985). 

Since this scaling is dependent upon rock type, it is critical to first approach 
grouping of rock units by intact rock strength using statistical tests. The purpose 
of this analysis is to identify 1) the underlying distribution of strength 
parameters, 2) groups of geological units that share common strengths, and 3) 
the estimated mean strengths and standard deviations of these groups. There is 
insufficient data availability at the mine to determine if intact rock strength is 
dependent upon location, not only geological units. 

Due to large sample numbers, the Kolmogorov-Smirnov test was used on the 
Is(50) data to evaluate all possible groupings of geological units. This method 
uses the cumulative distribution functions of two samples to evaluate if 
differences exist between the location and shape of the distribution functions, 
and was selected due to its robust, nonparametric nature. Each sample was 
represented by one Is(50) value; an average value for the sample was used if 
there was more than one acceptable data point. Is(50) data were then scaled to 
UCS data for each group of geological units individually to estimate the 
strength of each group according to the following equation: 

 (2) 

where  is the scaling factor,  is the average UCS from the UCS tests and 
 is the average Is(50). 

Based on the results from the Kolmogorov-Smirnov tests and considerations of 
sample size, it is evident that some mapped geological units likely share 
common underlying distributions. The most likely grouping of geological units 
into strength groups based on the statistical analysis are shown in Fig. 3, where 
the distribution of the grouped and scaled Is(50) data is shown by box plots, 
providing information about the distributions of each group through the 
visualization of their quartiles. No significant difference between the 
distributions of 1) the 5 types of hangingwall units or 2) the remaining ore types 
were found, however not all units were well represented. Units that have limited 



Paper III: 10 of 27 

sample numbers are starred (*). Additional point load tests would improve the 
precision and accuracy of this analysis. Based on Kolmogrov-Smirnov tests and 

2 tests, all data before and after grouping by multiple geological units indicated 
normal distributions, with the exception of the ore material with few samples 
(ore, higher contaminant levels). This may be a result of few samples or at least 
two unique distributions of strength within these geological units. 

The UCS data for each group of geological units are overlaid on the scaled Is(50) 

data in Fig. 3 as stars. Additional UCS tests would significantly improve the 
accuracy of the estimated strengths. Both the UCS data and the Point Load Test 
data had a relatively wide spread, in particular in the majority of the footwall 
material. The porphyritic dyke and Sp2/Sp4 groups showed higher strengths 
than the other groups. Kolmogorov-Smirnov tests on the scaled point load test 
data and the UCS data sets indicated that the distributions between the two data 
sets (Point Load Test data and UCS test data) for individual grouped geological 
units were consistent. 

 

Fig. 3 Scaled point load test results (box plots) and UCS test results (stars) by 
grouped geological units. Box plots of the point load tests for each grouped 
geological unit show outliers (considered as +/- 2.7 * standard deviation) as 
crosses. Average UCS (MPa) from the UCS tests (μUCS), the scaling factor (k), 
the scaled standard deviation (MPa) from the point load tests ( PLT), and the 
number of point load tests (nPLT) for each group are presented over the box 
plots.
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There is a significant spread of estimated intact rock strengths for the geological 
units present at the Kiirunavaara Mine. Although Lindgren (2013) showed that 
increasing the pervasive alteration into softer minerals, such as chlorite, 
carbonates and clay, lowers the intact rock strength through analysis of Point 
Load tests conducted on lump samples, the current study does not have 
sufficient data to evaluate the role of alteration on intact strength at the mine. 
Although very clear during core logging and underground site investigations, 
the intact rock strength tests do not illustrate the significant strength and 
stiffness difference of some of the heavily altered units found at the mine, such 
as clay material, due to preferential sampling. 

4.2 Volumes with clay alteration 
Due to the significantly different material properties of clay compared to the 
surrounding rock, and due to the total volume of clay present, the locations of 
volumes of clay alteration are an important consideration for the geomechanical 
model at the Kiirunavaara Mine. 3-D volumes of clay based on isotropic search 
parameters from mapped data were developed by Mattsson et al. (2010). 
However, this work has not been updated to reflect newly acquired data and 
knowledge. 

Geostatistical techniques were applied to understand the underlying spatial 
distribution of these clay volumes. This includes an analysis of appropriate 
search parameters via semi-variograms and then interpolation of the data. The 
interpolated model from the drill core data was compared to drift mapping to 
evaluate accuracy of the technique for this rock mass. 

A common difficulty in identifying clay material in drill cores is that clay is 
often washed away by the drilling water and does not remain as part of the core. 
To account for this, both mapped clay and core loss in the core logging data 
(LKAB, 2014a) were considered to be indications of clay altered zones. 

Indicator semi-variograms were created to determine 1) if directional anisotropy 
exists, and 2) the appropriate search parameters for the composited clay data 
from core mapping. Sample compositing was used to reduce bias caused by 
variable sample length. The clay and core loss data were downhole composited 
on 0.5 m intervals, as the majority of sample lengths were shorter than this 
value. The semivariograms indicated that the major and minor search ellipse 
axes is horizontal (Fig. 4). The major axis is semi-perpendicular to orebody 
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formation. The semi-major axis is steeply dipped towards the north. The major 
and semi-major axes had approximately the same range, however the range was 
significantly reduced in the minor axes direction. As evident in Fig. 4, the 
minor axis, approximately aligned along orebody strike, has a significantly 
smaller range than the borehole spacing (circa 50 m). This indicates that the 
data from the drilling has insufficient density for the use of geostatistical 
techniques to estimate clay volumes at the Kiirunavaara Mine. This could be 
related to the possible genesis method of the hydrothermal clay alteration at the 
mine; hydrothermal fluids travel through existing discontinuities until it reaches 
a volume of the rock mass that is susceptible to larger amounts of alteration. 
The preferential travel along existing discontinuities can result in locations of 
clay that have a discrete nature, rather than a volumetric one. Due to this 
discrete nature, this data a difficult candidate to consider for advanced 
geostatistical methods. 

 

Fig. 4 Semi-variograms in the major, semi-major and minor search ellipse directions. 
Search ellipsoid is visualised with mine coordinates. 

However, a simple spatial analysis of the density of clay indicators from the 
core data in 3-D space using search radii identified from the semi-variograms 
yielded a model of the clay volumes (not clay alteration found in joints) that 
could be calibrated to clay mapped underground where data was available, see 
Fig. 5 a) and b). Fig. 5 c) shows the calibrated clay model with the underground 
mapping data. Calibration was done visually to determine which isosurface 
value in the clay model corresponded to the mapped data. Within the calibration 
volume, this isosurface represents the density at which the clay indicators 
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represent a volume of the rock mass that has more clay. The only mapped clay 
volumes that were not represented in the model were volumes which had no 
associated drill core data. The calibrated model does not necessarily represent 
volumes that have entirely been altered to clay, rather volumes that have a 
higher concentration of clay than their neighbours. At the Kiirunavaara Mine, 
this simplistic form of spatial analysis of core data has the potential to assist 
with prediction of location and size of clay volumes prior to drifting. Tighter 
exploration drill spacing and additional underground mapping in other areas of 
the mine have the potential to improve future models. 

 

Fig. 5 Calibration of model of clay volumes from core data with LKAB’s 
underground mapping data (view from the hangingwall towards the footwall). 
Area of higher density underground mapping shown in a), mapped clay 
volumes are presented in b) with the overlaid clay model from the core data in 
c). 
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4.3 Rock mass quality 
When considering the data available over the entire mine, neither GSI (LKAB, 
2014c) nor RMR data sets are good candidates for geostatistical analysis. The 
RMR data set at the mine is very sparse in both number of sample points as 
well as their physical locations. GSI has more data points than RMR, but still 
suffers from poor coverage. However, the RQD data set (LKAB, 2014a) is 
much more complete, and is amenable to geostatistical analysis. 

Two previous works exist using geostatistics to estimate RQD at the 
Kiirunavaara Mine. The first was limited to a section of the rock mass located 
in the north (Henry and Marcotte, 2001), and the second used isotropic search 
parameters to develop a mine-scale model (Cotesta, 2011). To update the model 
with newly mapped data and to provide additional analysis, a new mine-scale 
model that used anisotropic search parameters was created. 

Using similar techniques as previously discussed, anisotropy was found to exist 
through the analysis of semi-variograms. Despite results from Henry and 
Marcotte (2001) illustrating that the range of the semi-variograms indicated 
insufficient drill spacing for geostatistical analysis of the analyzed portion of 
the rock mass (only the northern portion), the semi-variograms of the current 
database for the entire mine indicated otherwise. Based on the ranges from the 
semi-variograms search radii were evaluated to be 100 m along strike, 100 m 
across strike, and 80 m vertically, which are greater than the maximum drill 
spacing of 50 m. 

Models of RQD were created using inverse distance, as a preliminary 
evaluation technique. Kriging methods have the potential to improve these 
models. An example vertical slice through the mine-scale RQD model is 
illustrated in Fig. 6 in combination with a longitudinal projection of the 
orebody. Distinct zones of lower RQD crosscut the orebody, in particular in the 
southern end (Fig. 6). These zones are physically associated with the calibrated 
clay volume model; low RQD is found both inside and in the immediate 
vicinity of the volumes that are estimated to have more clay alteration (Fig. 6). 
Consistent with the mine-scale results found by Cotesta (2011), RQD increases 
with depth in the northern portion of the rock mass, with a sharp contrast at 
approximately the Level 950 m. 
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Fig. 6 Example vertical slice through the mine-scale RQD model through X = 6350 m 
viewed from the footwall overlaid on a longitudinal projection of the orebody. 
The RQD model is represented by the block model, where values are scaled by 
colour. The mine-scale clay model (from Section 4.2) is superimposed on the 
RQD model, in addition to its calibration volume. 

4.4 Structural domains 
The last structural domaining done at the mine scale using all available data 
was completed in 1989 (Rådberg et al., 1989). Since that time, some additional 
work on identifying domains has been done sporadically for specific volumes 
of the mine. The current study updates the structural domain model by 
incorporating historical and newly acquired data (LKAB, 2014b). 

Due to the importance of the identification of structural domains, multiple 
techniques have been developed to assess their boundaries (Escuder Viruete et 
al., 2001; Jimenez-Rodriguez and Sitar, 2006; Martin and Tannant, 2004; Piteau 
and Russell, 1971; Zhou and Maerz, 2002). Most techniques have limitations, 
however, such as their reliance upon a priori geological knowledge, lack of 
evaluation in 3-D space, appropriate distance metrics for clustering, etc., which 
may misrepresent the underlying spatial distribution of joint sets. 

Available discontinuity data at the mine scale in the Kiirunavaara Mine is 
limited to drift mapping of joint orientations at active faces (shotcrete limits 
mapping of completed excavation). The nature of this data eliminates the 
possibility of multivariate clustering as suggested by Zhou and Maerz (2002), 
as only dip and dip direction is readily available at the mine scale.
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Piteau and Russell (1971) developed an effective and simple technique to 
identify the locations of structural domains. Their technique is based upon a 
mathematical definition of structural domains; within each domain, the slope of 
the cumulative sum of dip or dip direction is constant. The major limitation of 
their domain location technique is that it is based upon evaluating data along a 
1-D ray or in a 2-D plane. Identifying the correct locations of domains using 
this technique assumes that the domains can be defined upon the user selected 
ray or plane, and that there are no other domains in other directions. The 
success of this approach is highly dependent upon the underlying spatial 
distribution of the joint sets. 

An extension of Piteau and Russell (1971) has been developed to quantitatively 
identify domains in 3-D. Identified domains are then statistically evaluated 
using similar strategies as presented by Mahtab and Yegulalp (1984) and 
Martin and Tannant (2004). The proposed technique for quantitative 
identification of structural domains is detailed below. 

1. Create a block model representing the span and extent of the original, 
cleaned data. Block dimensions are user specified; the intended scale of 
the domains, measurement spacing and geological environment are 
evaluated to determine this. 

2. Within each block, for every joint measured, calculate the slope of the 
cumulative sum of 1) strike and 2) dip. Filtering of blocks based on user-
defined minimum number of data points and linear fit parameters is 
recommended. 

3. Using the slope of the cumulative sum and/or dip direction, apply 
geostatistical interpolation methods to supplement gaps in the data. The 
decision of which data to use should be based upon statistical analysis of 
the underlying data. With most data sets, the slope of the cumulative sum 
of dip is the most appropriate source to use, as when strike is used, there 
is a numerical discrepancy between 0° and 359° that does not represent a 
large physical direction difference. The methodology could be adapted for 
other mapped joint characteristics, such as joint roughness, however due 
to data availability at the mine this was not explored. 

4. Using isosurfaces (3-D analog of an isoline or contour) of the block 
model, identify continuous volumes in 3-D space representing volumes of 
distinct structural domains. The selection of isosurfaces requires user 
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input. Particular attention should be paid to large changes in 
shape/location of isosurfaces. Distinct and individual isosurfaces 
represent domains; however, the numeric values of the isosurfaces are 
irrelevant. 

5. Statistically and visually compare the stereonets for the determined 
structural domains. 

This technique was tested using the underground discontinuity mapping data at 
the Kiirunavaara Mine to evaluate the location and shape of the structural 
domains. Domains were identified using cubic blocks of 30 m edge length, that 
had greater than five data points and an r2 value from linear regression greater 
than 0.95. A significant number of the structures measured at the mine had 
strikes that were orientated around 0° N, so the cumulative sum of dip was the 
most appropriate metric. Isotropic inverse distance was applied to the block 
model to interpolate the data. Alternative methods of interpolation have the 
potential to improve this model. 

Example slices through the interpolated block model are shown in Fig. 7 in 
conjunction with a wireframe of the orebody, where each block is coloured 
based on its value of the slope of cumulative sum of dip. Changes in colour 
represent distinct 3-D volumes that share similar slopes of cumulative sum of 
dip, indicating distinct domains. 

 

Fig. 7 Example slices through the slope of the cumulative sum of dip block model 
(30 m cubes) used to identify structural domains (seen from the footwall 
towards the hangingwall). The colour of each block represents the cumulative 
slope of dip for all joint sets mapped inside of that block. The values 
themselves are inconsequential; it is the location of changes in the values that 
represents possible structural domain boundaries. 
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The 3-D isosurfaces from the domain block model were used to group and test 
the original data points. Mahtab and Yegulalp (1984) suggested a method of 
statistically comparing stereonets based on pole count in equal area windows, 
and then using the 2 test to test if the distribution of the pole count for two 
stereonets is different, where a difference represents a new domain. Due to 
sample size limitations associated with the 2 test, Martin and Tannant (2004) 
adopted the window technique, however used the Pearson product-moment 
correlation coefficient (Pearson’s r) as an indication of similarity between two 
stereonets. For the Kiirunavaara Mine, Pearson’s r, Spearman’s rank correlation 
coefficient (Spearman’s rho ( )) as well as the Kendall rank correlation 
coefficient (Kendall’s tau ( ) coefficient) were tested to evaluate statistical 
similarity between stereonets. For the joint sets in the Kiirunavaara Mine, the 
use of Spearman’s  correlation coefficient and Kendall’s  were found to be 
most appropriate since the joint set data series after the count of poles in the 
windows are discrete and non-normal. 

The results from the domaining analysis at the Kiirunavaara Mine highlight that 
the domains have 3-D shapes for this rock mass at the mine-scale, which cannot 
always be simplified in 2-D. The methodology is useful not only to identify 
domains and their shape, but also to explore rotations of joint sets within one 
domain. The magnitude of a joint set’s rotation and intended use of the 
structural domains form the basis of the decision about if it constitutes a domain 
boundary. Statistical comparison of the stereonets can assist with this process 
via quantification of how different two stereonets are. At the Kiirunavaara 
Mine, one of the identified domains consists of a joint set that rotates within the 
volume. The three volumes presented in Fig. 8 are statistically from the same 
domain (see domain stereonet in the upper left corner of Fig. 8) using both 
Spearman’s  correlation coefficient and Kendall’s . However, as shown by 
the other stereonets in Fig. 8, the orientation of the main joint set varies slightly 
between the individual volumes. 
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Fig. 8 Example of one domain (domain stereonet in upper left) at the Kiirunavaara 
Mine with slight variation of orientation of the major joint set for different 
volumes within the domain. Fisher concentrations for the poles are shown on 
equal area lower hemisphere stereonets. Stereonets are rotated so they are 
aligned with the mine coordinate system. Seen from the footwall towards the 
hangingwall. 

At the Kiirunavaara Mine, transitions between domains at the mine-scale were 
rarely sharp. One example to the contrary, however, corresponds with a known, 
mapped geological feature. Despite not being used as a priori boundary during 
the analysis, where the rock mass transitions from north to south into a more 
clay altered volume (from approximately Y 28 and southwards), there is a sharp 
domain change. In this southern portion of the orebody, only two domains have 
been identified at the mine-scale (Fig. 9). They consist of many joints, and joint 
set identification is difficult (Fig. 9). The joint sets have a more random 
component in the heavily clay altered volumes of the rock mass. 
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Fig. 9 Domains in the southern portion of the rock mass overlaid on the orebody as 
seen from the hangingwall. Domains are represented by the shaded 
wireframes, and their associated lower hemisphere equal area stereonets are 
provided. Stereonets are rotated so they are aligned with the mine coordinate 
system.

The 3-D domains identified for the rock mass using the suggested technique 
offered a significant improvement when compared to vertical extension of 
domains previously analyzed as suggested by Rådberg et al. (1989). More 
unique domains were identified, in different locations, with clearer definition of 
joint sets and transition zones between domains. Statistical comparison of the 
old and new domains showed that the new domains were more distinct than the 
domains identified by Rådberg et al. (1989). 
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4.5 Faults
Numerous faults (discontinuities with identifiable shear displacement) are 
present at the mine. Berglund and Andersson's (2013) underground mapping 
work around Y 34 on the Level 1051 m, Level 1060 m, and Level 1079 m 
identified many faults. The majority of these faults are steeply dipping and 
follow the strike of the orebody (Berglund and Andersson, 2013). Currently, 
their length, spacing and persistence is unknown. Evidence of faults can also be 
seen during core logging in the form of slickenslides along discontinuity 
surfaces. Visible underground, many of these ore parallel structures, which 
exhibit slickenslides, are hematite coated with a mirror like surface and 
undulate on the scale of meters. Few orebody perpendicular faults have been 
mapped underground. Seismic clustering of events by the mine has identified 
possible fault structures, however only one structure has been confirmed by 
underground mapping, which was subsequently used in numerical stress 
analysis by Sjöberg et al. (2011). The currently available data does not enable a 
mine-scale characterisation to include faults, since mapped data is mainly 
limited to that done by Berglund and Andersson (2013). 

5 Correlation to falls of ground 
Based on the geomechanical characterisation, the portion of the rock mass that 
contains significant volumes of clay has different characteristics than the 
unaltered portion. The different characteristics are not limited to the clay 
volumes; rather the entire rock mass surrounding the clay. This is apparent from 
information related to jointing. Surrounding the clay volumes there are lower 
RQD values, few distinguishable structural domains, and a more random 
component to the discontinuities. Because of the seemingly controlling nature 
the clay zones have over the geomechanical characteristics of the rock mass, it 
is logical to evaluate if there is a correlation between the calibrated clay model 
and falls of ground. 

The falls of ground at the Kiirunavaara Mine are often associated with seismic 
events, in the form of shakedown and/or bursting. With available data, it is 
difficult to accurately distinguish between these causes of the falls of ground, so 
all of these events were considered in this analysis. All fall of ground events at 
the mine are comparable since the support system is the same for almost the 
entire extent of the rock fall database. The direction of the major principal in 
situ (pre-mining) stress at the Kiirunavaara Mine is horizontal and 
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approximately perpendicular to the strike of the orebody, whilst the 
intermediate and minor principal in situ stresses are nearly equal. When 
viewing the data from the approximate direction of principal in situ stress, a 
correlation between the modelled clay zones and the falls of ground is evident 
(Fig. 10). The majority of the falls of ground are concentrated in the rock mass 
surrounding the clay zones. 

 

Fig. 10 Falls of rock (squares) versus the calibrated clay volume model (shown from 
the footwall towards the hangingwall). Viewed from the direction of major 
principal in situ stress (pre-mining) towards the hangingwall (from west). 

There were significantly fewer falls of ground from approximately Y 23 and 
northwards. This could be related to the lack of clay volumes in the area, 
although additional calibration of the clay model in that volume is required. 

6 Discussion 
Analysis of intact rock strength at the Kiirunavaara mine showed large 
variations not only between the groupings of geological units, but within them. 
This spread has implications for the geomechanical model and future rock 
engineering analyses. Representing the rock mass with constant strengths and 
stiffnesses is a simplification that cannot fully capture the rock mass response 
related to intact strength variation. The causes of this variation are unclear; the 
role of alteration in intact rock strength needs to be further evaluated. 
Additional UCS values (from UCS tests or triaxial tests) for geological groups 
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with few of these data points may improve the scaling of the Point Load 
Strength tests. At this stage, how to scale the intact rock strength to rock mass 
strength for this complex geological environment remains unresolved. 

At the Kiirunavaara Mine, a link exists between modelled clay volumes and 
falls of ground. Considering how the in situ stresses in this region likely 
behave, a possible explanation of this mine-scale behaviour is suggested. Since 
the volumes with clay alteration have a lower stiffness than the surrounding 
rock mass, the stresses will flow around the clay zones and concentrate in the 
more competent rock. This increase in stress magnitude in the surrounding rock 
mass has the potential to initiate new failure not necessarily induced by mining, 
such as those possibly indicated by the RQD model and the random joint sets in 
the structural domains in the region. Stress concentrations caused by the clay 
volumes combined with mining induced stress changes have the potential to 
explain some of the behaviour. Numerical stress analysis will be carried out in a 
future stage of this investigation to further explore this hypothesis and its 
implications on rock mass behaviour at the mine. 

The methodology presented, as applied to the Kiirunavaara Mine, resulted in an 
increased understanding of the geomechanical characteristics of the rock mass. 
It successfully improved upon many aspects of geomechanical characterisation, 
such as the identification of new structural domains and a new understanding of 
the distributions of intact rock strengths. The methodology worked particularly 
well with the large quantity of borehole data combined with separate data sets 
for calibration. As an additional benefit, the development of a geomechanical 
model using these techniques and comparison of that model to rock mass 
behaviour highlighted where supplementary data collection could add the most 
value. 

The methodology is robust; it has the potential to be adapted to different types 
of data in other mining environments. However, a priori knowledge of the rock 
mass was used to select the analysis techniques. Due to the smoothing nature of 
geostatistics, consideration must be given to if the parameters of interest are 
good candidates for interpolation. Data sets for interpolation must show spatial 
correlation over a greater distance than the data spacing, which is evaluated 
through semi-variograms. The highest resolution of the interpolation is a 
function of the input data set; interpolation requires supporting data points and 
accuracy of the results cannot be improved without well-positioned data. 
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Provided the data supports interpolation, the presented methodology is well 
suited to geological environments with heterogeneity and alteration, and/or 
environments that have domain boundaries with irregular shapes in 3-D.

7 Conclusion
Through enhancement of the understanding of the geomechanical 
characterisation of the Kiirunavaara Mine, a conceptual model of some aspects 
of the rock mass behaviour was developed. Clay volumes (represented by a 
model based on borehole data calibrated to underground mapping) correlated to 
the geomechanical characteristics and behaviour of the rock mass. The rock 
mass in the immediate vicinity of the volumes of clay alteration had lower RQD 
values, more random jointing, and a higher concentration of falls of ground than 
the surrounding rock mass. 

Consideration of multiple sources of data in 3-D space through the application 
of geostatistics was a key component to the development of this new conceptual 
model. The methodology presented, based on statistics, geostatistics and an 
extension of previous quantitative domaining work, is of interest to other mines 
that have complex and heterogeneous geological environments, specifically 
those which have volumes of alteration, structural domains which possibly have 
complex shapes in 3-D, or other characteristics which are well suited to 
interpolation methods. The methodology is well suited to geological 
environments that are appropriate data for interpolation; data types which can 
logically be interpolated between data points and that are spatially correlated 
over a greater distance than the data spacing. The use of geostatistics on 
multiple data sets that are often available at mines (such as borehole data, 
structural mapping data, etc.) has the potential to give indications of problem 
areas, provided the interpolation is well calibrated against data that is distinct 
from the input data. 
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