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Preface 

It was a dark, cold, February morning when I woke to the town of Kiruna. 

Opening the blinds of my room in Annexet, I was greeted by the beautiful, 

symmetrically spaced lights on the snow-covered benches of the waste rock 

dumps of the Kiirunavaara Mine. That view still takes my breath away to this 

day. 

It’s the beginning of the HLRC project entitled “Analysis of the Mining 

Induced Seismicity at Kiirunavaara Mine,” and I can’t help but feel excited 

about the vast potential before us to help LKAB and their employees. In 2008, 

there was a fatality at the mine due to a violent ejection of rock (a rockburst). 

This project was created as part of the research efforts to eliminate the risk of 

such a dreadful occurrence happening again. I can’t imagine going to work one 

morning and never returning home. 

Steve McKinnon, Jonny Sjöberg, (my supervisors) and I discussed our 

hypotheses about the seismicity and violent behaviour at the mine while the 

snow crunched beneath our feet as we walked in the shadow of Kiirunavaara. I 

was momentarily dazzled by a hare in her white coat as she hurried along her 

busy day, dressed for the occasion. “Fault slip” is what we think. Mine-scale 

faults causing remote, large magnitude seismic events, in turn leading to 

rockbursting. It’s a hot research topic right now in the rock mechanics 

community, as much rockbursting and seismicity is believed to be caused in 

this manner. But what if we thought that every hare in the world was white? 

Fast forward five years and a total of 6 articles (listed below and appended) and 

2 theses later. The progressive release of the mine-scale fault slip hypothesis is 

seen by reading those documents chronologically. This doctoral dissertation, 

however, is structured to enlighten rather than disappoint. This is not a 

dissertation about the elusive fault slip events on extremely large faults driving 

rockbursting. This is a dissertation about not judging a book by its cover, and 

truly listening to the story of the rock mass. A story told by many voices. I hope 

you enjoy this journey at least as much as I have. 

/ Jessa 
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Summary 

The need to understand rock mass behaviour has never been greater; as mining 

globally progresses deeper to extract the precious resources humankind needs to 

maintain and forward our lives, we encounter rock behaviours associated with 

deep mining. These environments typically experience seismicity (including 

fault slip), rockbursting, strainbursting, spalling, aseismic movement along pre-

existing discontinuities, and ground falls. These behaviours can have significant 

consequences to an operation’s safety and profitability. An understanding of the 

rock mass enables risk mitigating design. 

However, a number of hindrances exist along the path to gaining this 

understanding. Limited information in the literature is available on which data 

to collect, the most appropriate analysis techniques, and how one combines 

varied data sources into a mine-scale understanding of the rock mass. In 

essence, we do not yet understand how to listen to the story of the rock mass. 

This thesis explores these research topics and develops and extends techniques 

and methodologies to address these issues. Data from Luossavaara-

Kiirunavaara AB’s (LKAB) Kiirunavaara Mine was used, however a strong 

focus was given to developing general methodologies that can be applied to 

many mining environments. 

The typical situation at most mine sites is one where many forms of data exist, a 

subset of which is conventional rock mechanics data. These data typically 

include, for example, laboratory testing for strength and stiffness of geological 

units, rock mass characterization from underground mapping, geological and 

geomechanical core logging, and positions and orientations of mapped 

discontinuities from underground mapping and/or oriented core logging. These 

data are often used for empirical design. It is common with particularly 

damaging seismic and/or ground fall events that additional data be acquired 

from underground damage mapping, but this information is rarely used on a 

larger scale. However, there is a subset of data that tends to be overlooked from 

a geomechanical perspective, even though the potential exists that this data can 

give us information about the characteristics of the rock mass. In the case of the 

Kiirunavaara Mine, this includes seismic data (including tomographic velocity 

structure), a database of information regarding ground falls, and laser imaging 

data. 
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A variety of conventional and unconventional data from the Kiirunavaara Mine 

were analysed using existing, and extensions of existing, analysis techniques. A 

3-D geomechanical model was developed, incorporating geological and 

geomechanical core logging data, underground mapping data, and laboratory 

testing data. The resulting mine-scale model showed some particularly 

interesting results, including 1) a very large variation in intact rock strength 

within each statistical grouping of geological units, combined with much 

overlap between the strengths of geological units, and 2) a 3-D model of 

volumes of clay alteration built on geological core logging data calibrated 

favourably to data of underground mapping of clay. Unconventional data 

sources were also analysed, in particular the use of behavioural data to infer 

characteristics of the rock mass. Spatial and temporal patterns of ground falls 

were evaluated, alongside spatial patterns in overbreak, which were identified 

using new, mine-scale analysis techniques of laser scanning data. 

Interestingly, correlations were apparent when comparing the analyses of 

distinct and separate data sources. Ground falls were concentrated in the intact 

rock between the clay volumes. The rock quality designation (RQD) had lower 

values in the same volume. Seismicity in the area was concentrated in the intact 

rock, with very few events in the clay volumes. 3-D velocity tomography 

models (developed by another researcher within this project) showed 1) no 

correlation with the RQD model (this result may highlight a limitation of 

scaling RQD data beyond it’s intended use), and 2) possible correlation with the 

clay volumes. 

A methodology was developed using numerical stress analysis to identify, at an 

early stage of investigation, if a volumetric feature is of significance to seismic 

rock mass behaviour. With so much surmounting evidence that the clay 

volumes influence rock mass behaviour at the Kiirunavaara Mine, this feature 

was well-suited to be tested. Results showed that the clay volumes: 1) influence 

the mine-scale stress field, 2) have the potential to extend the volume of the 

rock mass that is expected to experience crack initiation (one underlying cause 

of seismicity), and 3) result in a stress field that enables slip along many of the 

orientations of mapped discontinuities (another underlying cause of seismicity). 

Particularly valuable data were found to share the following characteristics: 3-D 

coverage, mine-scale, long-term, and multiple and distinct sources. It was 

important that the different data sources and their analyses led to the same 

conclusions even though they were separate and distinct. Unconventional data 
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sources that were of particular use in this case include: spatial and temporal 

ground fall patterns and spatial patterns of seismicity. With further research, 

other unconventional data sources may show their value to rock mechanics 

analyses, such as spatial and temporal patterns of: seismicity, focal plane 

solutions from moment tensors, seismic stress inversion from moment tensors, 

overbreak, and possibly even tomography (the lack of strong correlation in this 

case may be specific to this environment and models used). Opening our minds 

to the possibilities, collaboration with experts in other fields, and a little 

creativity in our approach will help us in our quest to understand the stories of 

rock masses.  
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1 Introduction 

1.1 Context and motivation 
The need to understand rock mass behaviour has never been greater; as mining 

globally progresses deeper to extract the precious resources humankind needs to 

maintain and forward our lives, we encounter issues associated with deep 

mining. With deep mining come unique challenges for mining engineers, in 

particular for those who work with rock mechanics. Due to the depth, the in situ 

stresses in these environments are often of large magnitude, and mining 

activities further perturb the stress state in an already heavily loaded system. 

These stress changes lead to behaviours such as seismicity, rockbursting, 

strainbursting, spalling, aseismic movement along pre-existing discontinuities, 

and ground falls. These behaviours can have significant consequences to an 

operation’s safety and profitability. 

Of particular use to mining engineers is an understanding of the rock mass 

behaviour at the mine-scale. This can give insight into problem areas in 

advance of drifting, the ability to use risk mitigating design strategies, and 

information for design of support. It is widely accepted that rock mass 

behaviour and the geomechanical environment are intimately coupled. Precisely 

how one gains this understanding, in particular at the mine-scale however, is 

less well represented in the literature. Underground environments are known to 

have sparse geomechanical data due to access and current measurement 

technique constraints. In addition, little information is available in the literature 

on how to determine which data is critical to be collected based on specific site 

characteristics. When seismic systems are present, mines often have immense 

databases, but using this data to its fullest within its limitations remains a 

challenge. With specific failures, extensive underground mapping is usually 

performed, which may contribute to an understanding of the specific event, but 

limited information exists on incorporation and use of this data at the mine-

scale. Many forms of classical data exist, more unconventional data can be 

obtained, but few pieces of literature explore how one weaves these voices 

together to make a comprehensive story of mine-scale rock mass behaviour. 
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1.2 Objectives 
There is a need to understand the story of the rock mass, and this requires that 

one listens. The main objectives of this work are: 1) to evaluate and develop 

methods related to cultivating a mine-scale understanding of rock masses, and 

2) evaluate if such a holistic approach is important. A secondary objective of 

this work is to provide guidance on what data to use and collect to create this 

understanding. 

1.3 Methodology, research questions, and scope 
It is well understood in rock mechanics that rock mass behaviour occurs due to 

the combination of the geomechanical environment and the excavation(s). It is 

therefore reasonable to argue that if one wants to understand the story of the 

rock mass, one should understand: 1) the geomechanical environment, and 

2) patterns in behaviour. It is conventional and unconventional data sets in these 

two categories that act like distinct characters, using their own voices to provide 

information about the rock mass in Chapter 4. In Chapter 5, a cohesive story of 

the rock mass is developed through the combined analysis of the different 

characters’ tales. Discussion, conclusions, and recommendations are provided 

in Chapter 6, 7, and 8, respectively. 

The research questions focused on throughout this dissertation include: 

1. What generalizations about data collection strategies can be made? 

2. Considering the geological environment, what is the best methodology to 

build a geomechanical model of the rock mass at the mine? 

3. How does one refine a geomechanical model and identify which 

components may contribute to rock mass behaviour? 

4. In what ways may these components contribute to rock mass behaviour? 

5. What are the mine-scale patterns in rock mass behaviour? How should 

these be evaluated? 

6. Can non-standard data be used to help us gain an understanding of rock 

mass behaviour? 

7. Can the different sources of data be integrated? Are there correlations? 

Does this integration provide a coherent story about rock mass behaviour? 

8. What does the developed understanding mean to future work? How can 

this be applied elsewhere? 
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The work was carried out using data from Luossavaara-Kiirunavaara AB’s 

(LKAB) Kiirunavaara Mine. This mine was selected as it became seismically 

active relatively recently (approximately 2008, refer to Dahnér et al. (2012) for 

more information) and has had a fatality due to rockbursting. Sjöberg et al. 

(2011) provide a rock mechanics study related specifically to that event. 

Examples of failure modes found in the mine within a 10 m span of drift caused 

by one seismic event are presented in Figure 1. A detailed mine-scale 

understanding of the rock mass and its behaviour did not exist at the beginning 

of this work. The need to understand the behaviour of the rock mass, in 

particular near the production front, is great at the Kiirunavaara Mine. 

Therefore, the presented results are site-specific. However, the techniques and 

methodologies were developed with the intention of being generic, robust, and 

applicable to other environments. 

Interestingly, it is the robustness of this methodology that has led to a paradigm 

shift in our understanding of rock mass behaviour at the Kiirunavaara Mine. 

Initially, the seismic behaviour near production, in particular the large 

magnitude events, was believed to be caused by movements along singular, 

large (mine-scale) faults, remote to the excavations, so-called, “fault-slip 

events.” By listening to a vast array of characters, including some data sources 

that would typically be ignored, the research approach and understanding of the 

rock mass behaviour significantly changed. 

Limited work on seismology is presented in this dissertation. Advanced 

seismological analyses (such as tomographic models, temporal and spatial 

patterns in seismic parameters, and moment tensors) were the domain of other 

researchers in the Project Group that this dissertation is a part of. Results of 

advanced seismological analyses that were used as a part of this dissertation are 

described and referred to appropriately throughout the manuscript. 
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a)   

 

b)   

 
c)   

 
  

Figure 1 Examples of failure modes of fallouts in one area on Level 1198 m related 

to one seismic event of local magnitude 0.8. (Vatcher, 2015) 
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2 Background: State of the art 

A one-size-fits-all solution to understanding rock mass behaviour does not exist 

in the literature. In fact, rather few methodologies exist stipulating how one 

should listen to gain a mine-scale understanding of the rock mass. In general, 

when it comes to understanding rock masses, there are two major topics: 1) 

input data, and 2) analysis techniques. 

To date, a vast array of types of geomechanical data exists. Typically, the data 

provide information about the intact rock, the geomechanical characteristics of 

the rock mass, and the behaviour of the rock mass. Information about intact 

rock includes laboratory testing, such as uniaxial compressive strength and 

point load tests (Bieniawski and Bernede, 1979; ISRM Commission on 

Standardization of Laboratory and Field Tests, 1985). These techniques are 

designed to gain an understanding of the strength and stiffness of the intact rock 

units. While the testing standards clearly state how the tests are to be 

completed, guidelines for analysis of the data sets are not offered. Recent 

efforts in research have extended into creating probability distributions of these 

values, often with the intention of using them in probabilistic design models 

(for example, Debecker et al., 2008; Wang et al., 2011; Závacký et al., 2017). 

The strength and stiffness of the intact rock is not the same as that of the rock 

mass. Scaling of the intact data must be completed, and is commonly done by 

using empirical relationships based on classification systems, such as Rock 

Quality Designation (RQD) and Geological Strength Index (GSI) (Cai et al., 

2004; Hoek and Diederichs, 2006). Data for these classification systems is 

typically acquired through core logging and underground mapping, with 

occasional mapping done by photogrammetry and laser imaging data. Many of 

these classification systems were designed for tunneling environments 

(typically 2-D), and, yet, are used in 3-D mining environments. Issues have 

been identified with the classification systems when alteration exist (Mandrone, 

2006). Current practice commonly uses weighted averages of these 

classification data to obtain rock mass properties. Infrequently is this data used 

in a true 3-D analysis, and little published research exists on the appropriateness 

of scaling this type of data. 

Hack et al. (2006) provided an in-depth description of 3-D modelling 

techniques for engineering in rock masses, where they postulate that a 

significant reason these techniques are not commonly used is due to the 
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workload outweighing the benefits. Geomechanical domaining is a strategy 

commonly used and recommended. This often includes creating domains based 

on common sets of discontinuities, however may be extended to other 

parameters as well. Some guidance is available in 2-D as to quantitative 

domaining techniques (Piteau and Russell, 1971; Escuder Viruete et al., 2001; 

Zhou and Maerz, 2002; Martin and Tannant, 2004; Jimenez-Rodriguez and 

Sitar, 2006), however, literature about quantitative domaining techniques in 3-D 

is more limited. Research on the use of geostatistical techniques to interpolate 

geomechanical properties (for example, Marinoni, 2003; Ozturk and Simdi, 

2014) and to model geomechanical heterogeneity (for example, Ferrari et al., 

2014; Eivazy et al., 2017) is becoming more popular. 

The aforementioned data sources are used for the large-scale geomechanical 

units, as the idea behind domaining and classification systems is to simplify the 

rock mass into quantified bins for purposes of analysing behaviour. Data 

collection strategies and guidelines become less clear when specific 

geomechanical features are evaluated, for example specific discontinuities, or 

smaller scale voluminous units that exhibit severely different characteristics. At 

the initial stages of gaining an understanding of rock mass behaviour, there 

currently exists a gap in the literature regarding early identification of 

potentially important geomechanical features. There are few guidelines to 

understand which features are important, and which data need to be collected. 

While development of geomechanical models is typical in rock engineering, the 

use of mine-scale spatial and temporal patterns of behaviour to infer 

geomechanical characteristics is uncommon. Databases containing behavioural 

data typically exist at mine sites, however they are currently underutilised from 

a mine-scale geomechanical perspective. It is common for particularly 

damaging and severe ground fall events to be evaluated in great detail (Blake 

and Hedley, 2003; Driad-Lebeau et al., 2005; Sjöberg et al., 2011). These 

forensic analyses often include much information about the behaviour of the 

rock mass, such as failure mechanisms, ground fall characteristics, and any 

related data about associated seismicity. However, these data and individual 

analyses are rarely used to create a mine-scale understanding. 

Overbreak and the shapes of excavation profiles are another form of rock mass 

behaviour. Some examples in literature exist concerning the use of laser 

imaging data to identify overbreak in tunneling environments (Fekete et al., 

2009). While overbreak in tunneling environments is important for accurate 
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design and contract issues, it is postulated that overbreak in mining 

environments is important to identify changes and characteristics of the 3-D 

geomechanical environment. Overbreak in mining environments is also 

important when considering evaluation of blasting and ventilation efficiency. 

To date, there is a gap in the literature of overbreak analysis to understand the 

mine-scale geomechanical environment. 

Sophisticated seismic systems in mining environments are becoming more 

mainstream as more seismic behaviour is experienced with increased 

production in high-stress environments (Mendecki et al., 1999; Mendecki and 

Van Aswegen, 2001). These systems produce an enormous quantity of data, 

however, a clear understanding of exactly how to use this data to its fullest from 

a rock mechanics perspective is currently absent in the literature. Some success 

has been had with techniques such as seismic hazard analysis, occasionally 

finding correlations with extraction ratio and seismicity (Aswegen, 2005; 

Mercer and Bawden, 2005b, 2005a; Mendecki and Lötter, 2011; Azzaro et al., 

2013). This type of statistical analysis often bypasses the mechanical 

understanding of why the seismicity is occurring, which can be problematic if 

the nature of the seismicity changes in the mining environment. 

The most basic and reliable of the seismic data available from the seismic 

system are location and time of the event. From a current rock mechanics 

perspective, errors in the timestamp of events are typically small enough that 

they are negligible. However, location error is a problem that needs 

consideration. Location error is strongly dependent upon the configuration of 

the seismic system network. Events outside of the network have much larger 

location errors, and difficulties exist in estimating the magnitude of this error. 

For an in-depth discussion of location accuracy and precision, refer to Swanson 

et al. (1992). These basic data can and have been used to identify spatial and 

temporal patterns of seismicity in mining environments to gain a better 

understanding of rock mass behaviour. The location of seismicity in specific 

mining environments has been correlated with results from numerical 

modelling, where the seismogenic zone, the volume that is seismically active, is 

located adjacent to volumes that have plastically failed in the model (Andrieux 

et al., 2008). This is interpreted as the acoustic emissions (seismicity) that 

occurs during crack initiation while specimens progress to failure. Spatial 

clustering of events can be used to identify fault planes, provided that the events 

used in spatial clustering are related to slip along existing discontinuities 

(for example, Ouillon and Sornette, 2011). 
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When considering seismicity from a rock mechanics perspective it is important 

to understand that each individual seismic event is somewhere along the scale 

between two specific failure modes (source mechanism): crack initiation/ 

growth, and slip along pre-existing discontinuities. Seismologists have a few 

techniques to evaluate source mechanism, all of which stem from classical 

seismology (not mine seismology). These techniques include the ratio of the   

S-wave energy to the P-wave energy (Es/Ep) and focal mechanisms (most often 

obtained by moment tensors) (Gibowicz et al., 1991; Glazer, 2016). Unlike 

moment tensors, Es/Ep is a fast technique that can be applied to many events 

quickly, but lacks in accuracy. Some literature exists concerning successful 

application of these techniques in mining environments (for example, Feignier 

and Young, 1992; Stickney and Sprenke, 1993; Dahnér et al., 2012; Snelling et 

al., 2013; Glazer, 2016). It has, however, been noted that seismic databases in 

mining environments may not be internally consistent. (Glazer, 2016; Morkel 

and Wesseloo, 2017) That is to say, for example, that the Es/Ep ratio of one 

event may not be comparable to another. This occurs when the suppliers of the 

seismic system change the calculation schemes without updating the entire 

database. This is not limited to Es/Ep data. 

Seismologists have developed other seismic source parameters, with a basis in 

earthquake seismology. These include, but are not limited to, Energy Index, 

seismic deformation, and apparent stress. For a description of source parameters 

and their meaning in a context of mining seismicity refer to ISS International 

(2006), Mendecki (2001), Mendecki (2013), and Glazer (2016). It should be 

noted that the majority of these seismological parameters are heavily dependent 

upon the selection of corner frequency. The frequency of the sensors and 

selection algorithm significantly influence corner frequency accuracy. There 

have been limited successful cases in the literature understanding the meaning 

of these advanced seismological parameters in mining environments from a 

mechanical perspective. 

Passive tomography uses the seismicity measured by the seismic network to 

identify a possible 3-D velocity model that fits this data (inverse problem). 

Active tomography also results in a possible 3-D velocity model, however 

instead of the mining induced seismicity, active sources are used. This benefits 

from greater accuracy due to control of the source position and characteristics. 

Rawlinson et al. (2010) provides an overview of the history and state of the art 

in tomography. Laboratory tests have shown that an increased stress results in 

an increased sample velocity (Cai et al., 2014), and that correlations exist 
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between mechanical properties of the rock and the velocity (Altindag, 2012). 3-

D tomographic velocity models have been used in some mining environments, 

where correlations between velocities and i) geomechanical characteristics of 

the rock mass (Watanabe and Sassa, 1996; Cai, Dou, Gong, et al., 2014; 

Hemmati Nourani et al., 2017), and ii) stress anomalies (Young and Maxwell, 

1992; Friedel et al., 1995, 1997; Luxbacher et al., 2008; He et al., 2011; 

Hosseini et al., 2013; Krauß et al., 2014; Cao et al., 2015; Ma et al., 2016) are 

evaluated, where quite a number of these applications are in coal mines. Little 

discussion in the literature exists regarding the use of these techniques in hard 

rock, high stress environments. 

The most common current technique to assess hypotheses about rock mass 

behaviour is the use of numerical stress analysis. Continuum or discontinuum 

models are used to represent a large variety of behaviour. For example, high 

differential stress in comparison to the UCS and the intact rock mass outside of 

plastic failure are related to crack initiation, and the onset of associated 

seismicity (Diederichs, 2000). Slip along discontinuities has been represented 

explicitly or implicitly (for example with the use of Excess Shear Stress (ESS) 

(Ryder, 1988)). Numerical stress analysis models are the predominant tool used 

to test the influence of features, be they characteristics of the rock mass, or 

mining infrastructure, on rock mass behaviour. However, the burden rests upon 

the modeller to identify which characteristics to include, which can be 

simplified, and which modelling techniques to use. Often, models end up being 

self-fulfilling rather than exploratory; one identifies a behaviour one wishes to 

represent, and then adjusts the inputs to the models until that behaviour is 

represented. While this works well for back analyses in which there is a 

sufficient understanding of the behaviour, for example those particularly large 

damaging events that are mapped in great detail, this technique is of less help 

when expanding to the mine-scale due to the quantities of unknowns. A clearly 

defined methodology to assist in evaluating if geomechanical features are 

important from a stress change perspective does not exist. 

With such a vast array of data sources, it’s easy to see how gaining a mine-scale 

understanding of rock mass behaviour may be difficult. Current practices are 

not often oriented to the 3-D mine scale, and data collection efforts are spread, 

inconsistent, and imprecise. Opportunities exist to further our data collection 

and analyses to better understand the nature of the rock mass. At this point in 

time, it is unclear if holistic analysis is important. Numerical models are 

undoubtedly a useful tool and will continue to be so in the future, however, 
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representing mine scale behaviour of the rock mass is a current challenge. A 

large gap in the literature exists describing how to know which data is 

important, how to analyse it, and how to combine data analyses from multiple 

sources into one, coherent story of the rock mass.  
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3 The setting: Kiirunavaara Mine 

The Kiirunavaara Mine, located in northern Sweden (Figure 2), 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 3. The mine’s Y-coordinates, 

approximately aligned with south, define production blocks with ore pass 

groups numbered by their location (Figure 3). Currently, the deepest production 

level is Level 1051 m, which is approximately 820 m below surface. A volume 

of the mine received more focus in this project, as it was known to be one of the 

most seismically active volumes and would continue to be in production for the 

duration of this project. This volume is referred to as the study volume, and is 

shown in Figure 3 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 switch from one haulage level to a deeper one (Figure 3). The study 

volume extends vertically as far as there is data. 

 

Figure 2 Location of the Kiirunavaara Mine (Google Maps, 2014). 
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Figure 3 Sketch of the Kiirunavaara Mine’s newest haulage level (Level 1365 m) 

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 (Henry and Marcotte, 2001; 

Cotesta, 2011; 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 analyse and forecast rock mass behaviour at the mine 

(Herdocia, 1991; Dahnér-Lindqvist, 1992; Lupo, 1997; Sjöberg, 1999; Henry 

and Dahnér-Lindkvist, 2000; Sjöberg et al., 2001, 2002; Sitharam and Latha, 

2002; Sjöberg et al., 2003; Jacobsson et al., 2005; Sjöberg and Malmgren, 

2007, 2008b, 2008a; Villegas, 2008; Bertilsson et al., 2009; Shirzadegan, 2009; 

Sjöberg and Perman, 2010; Sjöberg et al., 2011; Mäkitaavola, 2011; Villegas et 

al., 2011; Sjöberg et al., 2012; Edelbro et al., 2012; Sainsbury and Stöckel, 

2012; Villegas Barba and Nordlund, 2013; Svartsjaern, 2015). 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, in turn, are based on previous work (Sjöberg et al., 2003). 
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The previous modelling and limit equilibrium work done at the mine can be 

simplified into 4 topics. 

1. Large scale failure mechanisms 

 The hangingwall and footwall failure mechanisms at the mine 

extending to surface have been evaluated in some detail (Herdocia, 

1991; Dahnér-Lindqvist, 1992; Lupo, 1997; Sjöberg, 1999; Henry and 

Dahnér-Lindkvist, 2000; Sitharam and Latha, 2002). 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, but of a different type, not similar to open pit 

failure modes. 

Additional modelling has been done of the hangingwall caving 

process and surface subsidence that are inevitable outcomes of the 

mining method (Villegas, 2008; Shirzadegan, 2009; Villegas et al., 

2011; Sainsbury and Stöckel, 2012; Villegas Barba and Nordlund, 

2013; Sjöberg et al., 2017). 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 infrastructure on the main haulage levels, due to their importance to 

the mining operation (Sjöberg and Malmgren, 2007, 2008b; Bertilsson 

et al., 2009). 

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 



15 of 72 

Malmgren (2008a). The work showed that changes in ore pass 

geometry from a cylinder (caused by, for example, ore pass wear) 

resulted in a significant change in stability conditions with the 

development of spalling and 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, 

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 also 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 most 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 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 (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, 2016). 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 4. 

• 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 4. 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 UCS tests were completed on 11 of the rock units. Some of 

the data were historical data from LKAB used for previous studies 

(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 4. 

• Approximately 880 Point Load Strength tests were completed on 20 of 

the rock units. 141 of the available data were based on lump samples 
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(Lindgren, 2013). Sample origins of these data were spread throughout 

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 4. 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 4 (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 4. All mapped joints have recorded orientations. 

• 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 4), but data coverage is limited 

due to shotcreting. 

• A recent campaign (Berglund and Andersson, 2013) acquired and 

analysed 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 4). 

• 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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• A database of ground fall events exists for the Kiirunavaara Mine. 

Ground falls are defined as unplanned movements of rock that completely 

separate from the support system and excavation boundary. The database 

is intended for archival purposes, and consists of location, cause of the 

event (categorical), large/small classification, and size. Few events have 

complete information for all categories, and documented guidelines on 

reporting do not exist. For more information, refer to Vatcher et al. 

(2017b). Ground fall data exists within Volume B (Figure 4). 

• Laser imaging data is available of select footwall drifts, stretching nearly 

the entire length of the mine. Data is available for the media drift 

Level 1079 m, and the orebody access drifts Level 1165 m, 

Level 1252 m, and Level 1338 m. Imaging was completed approximately 

at the end of 2010, and the drifts were at minimum 200 m away from the 

nearest active production. 

 

Figure 4 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. (2016). 
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4 The characters and their stories: Analysis of individual 

data sets 

The characteristics of the available data and newly created data acquisition 

campaigns at the Kiirunavaara Mine directly influenced the success of this 

project. The data that informed us the most about the rock mass tended to be 

mine-scale data with attention to location in 3-D. A strong focus on spatial and 

temporal analysis techniques over the maximum scales resulted in a more 

complete understanding of each data set and the significance of the results. 

Thorough and rigorous statistical analysis was important to understanding the 

story of each data set, regardless if the data set is conventionally used in rock 

mechanics analyses or not. Particular attention was given in this project to listen 

to unconventional data sets and/or unconventional analysis, which provided 

much valuable information about the geomechanical environment. The 

particularly enlightening results of analyses of the individual data sources are 

described in this chapter. 

4.1 Clay alteration 
Clay alteration has been long identified at the Kiirunavaara Mine. However, 

this project marks the first time that any analysis with related data has been 

completed from a geomechanical perspective. The clay alteration exists in the 

form of large volumes (metres in diameter), lenses (a couple of meters in 

length), and infilling in discontinuities, with examples shown in Figure 5. Clay 

alteration has been identified via underground mapping and core logging. 

a)

 

b) 

 
Figure 5 Examples of clay alternation found at the Kiirunavaara Mine. a) A clump 

of clay material that easily crumbles in the hand, and b) clay alteration in 

a discontinuity. (Vatcher et al., 2017a) 
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Vatcher et al. (2016) created a 3-D model of clay volumes as a part of the 

geomechanical model (Figure 6). The clay volumes were identified using the 

density of composited clay indicators from core logging data, where clay 

indicators included mapped clay and core loss. Core loss was considered as an 

indication of clay due to likely wash out with drill fluid. Volumes were created 

using a single density value (iso surface). This density value creating the 

separation between areas of high alteration and areas of less alteration was 

chosen via calibration to underground mapping data from Berglund and 

Andersson (2013). Inside of the calibration volume, every mapped clay volume 

that was intersected by drill core was identified by this technique, and the 

resulting shapes of the 3-D volumes agreed very well with the clay mapped on 

the levels (2-D surfaces in 3-D space) (Vatcher et al., 2016). 

4.2 Intact rock strength 
Additional strength testing was completed for a variety of geological units at 

the mine as a part of this project, in the form UCS tests and point load tests 

(Vatcher et al., 2016). Due to the large number of samples, the point load test 

data were used to group geological units into geomechanical units of similar 

strength via Kolmogorov-Smirnov statistical tests (Vatcher et al., 2016). The 

mean values of the point load tests were scaled to the mean value of the UCS 

tests within each grouping of geological units (Figure 7), where the footwall 

units are to left of the ore types, and the hangingwall units are to the right. 

Sample bias exists in this data set; samples were selected representing as many 

rock types as possible within the study volume, with a focus on samples that 

were intact and could be successfully tested using these methods. 

Of particular interest in these results is the large variation in strength. Although 

large scatter is associated with point load test data, the variation in both the 

UCS tests on the point load tests are so extreme that they may be indicative of a 

rock mass with geological units that have extreme variability in strength. This 

may be due to alteration, but at this time, information to evaluate this 

hypothesis is not available. 
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Figure 6 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., 2016) 
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Figure 7 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 from the UCS tests (µUCS), the scaling factor 

(k), and standard deviation from the point load tests (σPLT) for each 

group are presented over the box plots. (Vatcher et al., 2016) 

4.3 Discontinuities 
Vatcher et al. (2016) created three-dimensional structural domains, by 

extending Piteau and Russell's (1971) 2-D techniques into 3-D using the 

concept of block models and geostatistics. Results showed that near the analysis 

volume, the joint sets and domains were less distinct than in the rest of the 

orebody. 

Another important consideration when discussing discontinuities is faults; 

discontinuities that have experienced movement. Although Berglund and 

Andersson (2013) did identify many visible small faults, large-scale faults or 

deformation zones were not identified in the vicinity of the analysis volume. 

The small faults are often sub-parallel to the orebody, hematite coated with 

glassy surfaces, and show previous sub-horizontal movement via slickenslides 

(Figure 8). 
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a) 

 
b) 

 

c)

 
Figure 8 Examples of the hematite coated joints that strike approximately sub-

parallel to the orebody (north-south), with near views of example joint 

surfaces in b) and c). (Vatcher et al., 2017a) 
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4.4 Rock mass classification 
Vatcher et al. (2016) used the mine’s database of rock quality designation 

(RQD) from core logging to create a 3-D block model via geostatistical 

techniques (Figure 9). GSI data was insufficiently spaced to develop a 3-D 

block model. Variograms showed that the RQD data from core mapping had 

sufficiently tight spacing to be used to create this model, however. Interestingly, 

the rock quality generally increased with depth, in particular in the northern 

portion of the orebody. Also of note, the rock between the clay volumes in the 

calibration volume were had lower RQD values than those of similar rock 

further away from the clay. 

 

Figure 9 Example vertical slice through the mine-scale RQD model through 

X = 6350 m viewed from the footwall ove3rlaid on a longitudal projection 

of the orebody. The RQD model is represented by the block model. 

(Vatcher et al., 2016) 

4.5 Passive tomographic models 
Lund et al. (2017) developed 3-D velocity models using passive tomography. 

Models were developed for years 2013, 2014, and 2015. Each model has S- and 

P-wave velocities in grids that are 10 x 10 x 10 m. The coverage differs for 

each model as the tomographic technique is dependent upon the wave paths and 

the sensors involved in collecting data, as with passive tomography one does 

not have the control and repeatability of the seismic data that is used in active 

tomography. 
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Vatcher et al. (2017c) statistically analysed these tomographic models, with the 

intention of evaluating the use of tomographic data to identify geomechanical 

characteristics of the rock mass. The initial statistical analysis of the data 

focused on identifying the precision of the models. This was done using the 

assumption that physical changes in the rock mass that would influence the 

velocities were negligible between 2013, 2014, and 2015. That is to say, the 

changes in velocity between the models at the same location for each respective 

velocity type were considered to be representative of the precision of the 

models, rather than an indication that there are time-dependent changes in the 

rock mass over this time scale (Vatcher et al., 2017c). This is a reasonable 

assumption as considering the coverage of tomographic models, 1) only two 

new levels were opened during this time, and 2) the models are large compared 

to the volumes of the rock in that time period that likely experienced significant 

stress changes and/or permanent alteration to the geomechanical characteristics, 

based on experience with numerical modelling of this mine. 

The results of Vatcher et al.'s (2017c) analysis of the precision of these specific 

tomographic models are summarised in Table 1, reported to three significant 

figures. Spatial patterns in the distribution of the changes in velocities were not 

identified through visual inspection. 

Table 1 Statistical properties of the differences in velocities between the 2013, 

2014, and 2015 tomographic models. (Vatcher et al., 2017c) 

 Differences in P-wave velocity 

(m/s) 

Differences in S-wave velocity 

(m/s) 

 µ σ 2σ µ σ 2σ 

2014 – 2013 -61.6 207 415 -18.8 106 213 

2015 – 2014  12.1 229 458 - 3.5 118 237 

Average -24.7 218 436 -11.1 112 225 
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4.6 Seismicity 
Seismicity at the mine has been notoriously difficult to describe and analyse. 

Seismicity extends up and into the hangingwall, presumably associated with the 

caving process, but seismic network coverage in this volume is limited. 

Volumes surrounding production are also seismically active, including below 

production in the ore pass as well as in the footwall near the (semi-) permanent 

infrastructure, such as access drifts. The rock mass surrounding the ore passes is 

also known to be particularly seismically active. Attempts to filter these events 

from seismicity associated with the production front have been unsuccessful. In 

part, this is due to the proximity of the ore passes to the seismic volume 

produced by the production front (difficult to filter events by location). This is 

also due to the fact that seismicity caused by fracturing around the ore passes 

does not necessarily have a different mechanism than seismicity caused by 

fracturing around the production front (difficult to filter events by seismic 

characteristics). 

Specific spatial patterns of seismicity at this mine have been difficult to 

identify. Those involved in underground operations and analysis of the seismic 

data can anecdotally describe that particular production blocks are more 

seismically active than others, for example Block 33/34 (the study volume) and 

Block 28. Patterns in the distribution of magnitudes are difficult to establish; 

large events appear at random times and locations. The precise role of 

production in creating seismicity at the Kiirunavaara Mine remains elusive, for 

example see Dineva and Boskovic (2017). 

With the exception of the work done by Sjöberg et al. (2011), few correlations 

between seismic events and specific geomechanical features have been 

identified at the mine. Prior to the commencement of this project, LKAB’s 

research team did extensive work with seismic clustering, attempting to identify 

fault planes that were accommodating seismic slip. Although many clusters 

were identified, extensive underground campaigns could not identify any of the 

hypothesised faults. Visual exploration of a subset of these clustering results 

does not provide a sense of clear and distinct discontinuities, in particular when 

the 20 m location error of the seismic system is accounted for (Figure 10). 
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a) 

 
b) 

 
Figure 10 Plan view of a) structures identified from spatial clustering of seismicity 

(from LKAB), and b) the seismic data used for clustering, where the 

radius of each sphere is equal to the location error (20 m). 
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As discussed in Chapter 2, Es/Ep are commonly used as indicators of slip and 

non-slip seismic events. For example, statistics regarding the likely causes of 

seismicity in the study volume were presented in Vatcher et al. (2014). 

However, more recent analysis from the perspective of a longer time period has 

illustrated a significant issue with the seismic database at the Kiirunavaara 

Mine in its current form. For essentially the entirety of the current seismic 

database (from 2009 until October 2016) within the study volume (Y27 to 

Y44), Figure 11 illustrates the percent of seismic events each day that are 

considered to be caused by slip along pre-existing discontinuities, based on   

ISS International's (2006) recommendation of an Es/Ep > 8. Events used in this 

analysis have local magnitudes greater than the magnitude of completeness 

(ML = -1.4) as determined for this volume by Dineva and Boskovic (2017). 

Two time periods exhibit significantly lower percentages of daily slip events 

(between 2012 and 2013, and from approximately the middle of 2015 and 

onwards). These anomalies cannot be explained with our current knowledge of 

the geomechanical environment and production. Therefore, there are strong 

indications that the seismic database, in its current form, is internally 

inconsistent, at minimum with consideration of Es/Ep. 

Moment tensor inversions, which give information about the source 

mechanism, were not available for analyses during this project. The limitations 

of these data sources mean that it is not currently possible to make any 

generalizations about the source mechanisms of seismic events. 
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Figure 11 Temporal plots of the daily percent of events inside the analysis volume 

(Y27 to Y44) that are shear events (Es/Ep ≥ 8). Each square represents 

one day, each column is one week. Events shown have local magnitudes 

that are above the magnitude of completeness. (Vatcher et al., 2017a) 
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4.7 Ground falls 
Ground falls were statistically analysed by Vatcher et al. (2017b) to identify 

mine-scale spatial and temporal patterns. Important results from this analysis 

include: 

• The majority of ground falls are concentrated in the central portion of the 

orebody, rather than at the northern and southern tips. 

• The majority of ground falls are categorised as related to seismicity or 

stress, however, separation into failure mechanisms is not possible with 

the current form of the database (Figure 12). It is noted that the database 

was designed for archival purposes, rather than for this type of analysis. 

• For the central portion of the orebody, there were distinct patterns in the 

rate of ground falls throughout time (Figure 13). Prior to the installation 

of a new support system (designed as dynamic support, refer to Jacobsson 

et al. (2013)), the rate of ground falls was generally high. The new 

support system reduced the rate of ground falls for a period of time. 

However, coinciding with approximately the opening of Level 1022 m in 

every production block (with the exception of Block 19 due to a lengthy 

pause in production), the rate of ground falls increased again close to 

previous levels. 

Different behaviour at the tips of the orebody compared to the central portion 

can be attributed to the likely stress redistribution associated with mining such a 

large orebody. The volumes of rock close to the tips of the orebody are more 

confined than in the central portion of the orebody. The temporal patterns may 

illustrate that while the new support design was temporarily successful in 

reducing the number of ground falls, there is some change in behaviour that is 

not as well contained by the support, likely associated with high stresses/depth, 

from around Level 1022 m and beyond. 
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Figure 12 Number of ground fall events by category (seismic, geological structures, 

stress, blast or undecided) and production block. The size of each circle is 

proportional to the number of events (percentage of total events per 

column listed). Background shows view of the orebody from the footwall 

towards the hanging wall with production blocks and active production 

levels at the time of database extraction. (Vatcher et al., 2017b) 

 

Figure 13 Cumulative number of ground falls separated by production block for the 

inner portion of the mine. The date of the opening of each level for 

individual production blocks is overlaid on the cumulative ground fall 

data. (Vatcher et al., 2017b) 
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4.8 Overbreak 
The spatial distribution of overbreak was analysed by Vatcher et al. (2017b), 

through a somewhat novel data analysis technique developed for laser imaging 

data. Laser imaging data along drifts was divided into lengths equal to the 

round length (5 m). Surface area was calculated and compared to the design 

profile surface area as a proxy for overbreak (Figure 14). These results clearly 

show that all of the analysed drifts had larger average profiles than expected by 

the mine (10% overbreak considered acceptable). Distance to production did 

not influence overbreak, as these drifts were at least 200 m away from 

production at the time of scanning. Despite having larger dimensions than the 

orebody access drifts, the media drift (Level 1070 m) exhibited less overbreak 

(as a percent of the design). This may indicate that the media drift is located in 

a different geomechanical environment than the orebody access drifts. The 

overbreak data were visualised in 3-D space, resulting in distinct volumes in 

which there is higher overbreak concerning the orebody access drifts (Figure 

15). This is interpreted as volumes with changes in geomechanical 

characteristics that result in this overbreak. 

 

Figure 14 Distribution of surface area of laser imaged drift sections (5 m length) by 

level. (Vatcher et al., 2017b) 
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Figure 15 Laser imaged drift sections (5 m length) coloured by percentage 

overbreak in Block 26, Block 30, and Block 34. Viewed from above. 

(Vatcher et al., 2017b)  
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5 The plot: Developing a cohesive story of the rock mass 

It can be stated with certainty that separate and distinct data sources were 

integral to the understanding of the story of this rock mass. While the individual 

data sources had much to say on their own, it was only the combination of these 

data that resulted in a coherent story of the rock mass. 

A qualitative summary of correlations between the results from separate data 

sets (discussed in Chapter 4) is presented in Figure 16. It is immediately clear 

that at the Kiirunavaara Mine the clay alteration seems to control many of the 

other geomechanical and behavioural characteristics of the rock mass. It is also 

evident that some of the data sets analysed were not compared to the remaining 

data sets. This chapter begins by specifically discussing why some data sets 

were not comparable. Negative results and their implications are briefly 

discussed, followed by the in-depth results of the correlations associated with 

clay alteration. As the clay alteration showed to be of potential importance to 

the geomechanical environment, additional analyses of the clay volumes’ 

influence on rock mass behaviour was completed using numerical stress 

analysis. The developed techniques for this analysis alongside the results 

conclude this chapter. 

  

Figure 16 Identified correlations between the results of Chapter 4, presented in a 

similarity matrix, where the box where two data sets intersect represents 

if a correlation was evaluated/identified. 

Clay volumes model

 Intact rock strength analysis

 Domains of discontinuities

 RQD model

 Passive tomography models

  Temporal and spatial patterns of seismicity

   Temporal and spatial patterns of ground falls

      Spatial patterns of overbreak

 Not possible to compare with the current data

No correlation identified

Possible correlation identified

Likely correlation identified
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5.1 Data sets not compared 
Data incompatibility of the currently available data is the root cause of the 

majority of data that were not possible to compare. Details on data sets that 

were not compared are presented in the following list. 

• It is understandable in light of the sampling bias that intact rock strength 

data are unlikely to correlate with any of the other data sets. 

• The overbreak analysis was limited to four drifts, which stretched almost 

the entire length of the mine. As they were quite deep compared to 

production, the location of this data set was incompatible with the other 

data sets. 

• The ground fall data was difficult to compare to other data sources in a 

rigorous statistical manner, mostly due to the incompleteness of the 

database in its current form and an understanding of the limitations of the 

data recorded. One such limitation is the way in which each ground fall is 

categorised into binary causes. For example, an event is categorised as 

caused by seismicity or caused by stresses. 

• The seismic data set is not appropriate to compare to the tomographic 

models as these data sets are not distinct. The tomographic models are 

built using the seismic data. 

Is important to note that even if some of these data sets could not be compared, 

this still provided important information to our understanding of the rock mass. 

For example, the intact rock strength analysis formed a part of the initial 

indications that the rock mass may be more than brittle and stiff units. 

5.2 Data sets that did not correlate  
In general, the results from the analysis of the discontinuities did not correlate 

with the other data sets, with the logical exception of the rock mass 

classification (RQD) data. This may be because the rock mass is heavily jointed 

with relatively large variations in joints sent orientations, resulting in quite large 

structural domains considering the scale of the other data sets. 

The rock mass classification data (RQD) did not show correlations with the 

more behavioural oriented data sets (tomography, seismicity, and ground fall). 

For example, a direct comparison of the RQD block model with the 

tomography models as shown in Figure 17. The lack of correlations could 

indicate that these behavioural oriented data sets are not sensitive to RQD at the 
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mine. Alternatively, this may be an indication that upscaling of RQD to the 

mine-scale is inappropriate. RQD data is taken from core logging, and designed 

to be used at the drift scale. Although the geostatistical analysis showed that 

there was a 3-D relationship of the data, it does not mean that the blurring of 

data associated with creating a block model leaves the data in a usable and 

meaningful form. 

 

Figure 17 RQD versus P-wave velocity from the 2014 tomographic model. (Vatcher 

et al., 2017c) 

5.3 Possible correlations 
Only one instance of a possible correlation between results was observed. 

Based on the analysis of the precision of the tomographic models in 

Chapter 4.5, only a portion of the tomographic models showed correlation with 

the model of the clay volumes (Vatcher et al., 2017c). Differences in the S-

wave velocities inside and outside of the clay volumes were not statistically 

significant, when compared to the precision of the models (Table 2, presented 

to 3 significant figures). P-wave velocities, however, showed possible 

correlation, but the majority of the differences were still less than 2 standard 

deviations of the precision of the models (Table 2). It is postulated that the 

poorer results with   S-wave velocities may be due to difficulties associated 

with the selection of    S-wave arrival time compared to the P-wave arrival time. 

For this mine site, these geomechanical data sets, and these specific 

tomography models, there appears to be limited ability to use tomography to 

identify geomechanical characteristics of this rock mass (Vatcher et al., 2017c). 
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Table 2 Velocities in and outside of clay volumes. (Vatcher et al., 2017c) 

 Tomo-

graphy 

model 

Inside 

clay, 

Mean 

velocity 

[m/s] 

Outside 

clay, 

Mean 

velocity 

[m/s] 

Difference in 

mean velocity, 

outside - inside 

clay 

[m/s] 

Difference in 

mean velocity / 

average 

standard 

deviation 

P-wave 

velocity 

2013 5520 5090 -432 1.8 

2014 5470 5100 -375 1.6 

2015 5510 5010 -498 2.1 

S wave 

velocity 

2013 3110 3260 144 1.1 

2014 3100 3280 180 1.4 

2015 3100 3230 128 1.0 

5.4 Clay alteration and other data 
Up until this point in time, one might consider this chapter a letdown. I have 

managed to find a litany of reasons why the data or results of data analysis were 

limited, so of course no correlation could be found. However, this is where the 

story of the rock mass becomes exciting. Three major discoveries are a result of 

this listening process: 

1. Vatcher et al. (2016) discovered that the intact rock in proximity of the 

clay zones had reduced RQD values, indicating more fracturing in this 

volume. 

2. Vatcher et al. (2016) also discovered that when viewing from the 

approximate direction of the major principal stress, ground falls 

concentrate in the intact rock between the clay volumes (Figure 18). 

3. Vatcher et al. (2017a) discovered a critical pattern in seismicity. In the 

vicinity of the calibrated clay model, the vast majority of seismic events 

occur outside of the clay volumes, even when considering the 20 m 

location error of the seismic system (Figure 19). 

These three seemingly simple observations resulted in a paradigm shift in the 

understanding of the rock mass. While the initial data analyses presented in 

Chapter 4 started to illustrate that the rock mass behaviour may not be simple, it 

was not until the data was integrated that a more complete understanding was 

gained. These discoveries indicate that the clay volumes may influence rock 

mass behaviour. 
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Figure 18 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). (Vatcher et al., 2016) 
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a) 

 
b) 

 
Figure 19 a) Histogram showing the number of recorded seismic events 

located outside, inside or outside, and inside of the clay zones.        

b) 3-D view of the clay volumes with the recorded seismic events. 

(Vatcher et al., 2017a) 
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5.5 Testing if clay alteration may influence behaviour 
The integration of the results from Chapter 4 led to a powerful hypothesis, 

which was very different from the initial hypothesis of the seismic behaviour 

being controlled by mine-scale faults. The next logical step forward was to test 

if these clay volumes have the geomechanical potential to influence the seismic 

rock mass behaviour. 

Vatcher et al. (2017a) developed a methodology using numerical stress analysis 

to test if volumetric stiffness features, features that exhibit different stiffness 

characteristics than the surrounding rock mass, may contribute to seismic 

behaviour. The methodology focuses on stiffness differentials, as this is a 

primary cause of stress changes (Figure 20). Induced stresses caused by the 

stiffness feature are used to determine if a more detailed evaluation is 

warranted. Induced stresses are calculated using a base model (without the 

stiffness feature) and a test model (with the stiffness feature). Provided that 

there are induced stresses in the volume of interest, the stiffness feature’s 

potential influence on crack initiation and slip along pre-existing discontinuities 

is evaluated (Vatcher et al., 2017a). 

Vatcher et al. (2017a) applied this methodology to the clay volumes, with focus 

given to the volume in which the clay model was calibrated. The mine-scale 

numerical stress models used in this analysis were created using Griddle (Itasca 

CG, 2017) and FLAC3D (Itasca CG, 2016). The models were continuum 3-D 

models and stresses were initialised according to previous work done by 

Sandström (2003). The clay volumes were represented as voids in the test 

model. This represents a worst-case scenario, and avoids issues with locking in 

of stresses and material properties and constitutive model selection. Both the 

base and test models were compared to stress measurements (Ask, 2016) that 

were separate from the input data. The calculated stresses from the models 

compared favourably to measured stresses at the two sites. Therefore, the 

models are deemed appropriate for this analysis. 
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Figure 20 Methodology to determine if a geomechanical feature is important. 

(Vatcher et al., 2017a) 

Induced stresses as a result of the clay volumes were significant in magnitude 

and extent (Figure 21). The analysis proceeded with evaluation of the potential 

influence on crack initiation and slip along pre-existing discontinuities. 

Through the use of differential stress, such as suggested by Diederichs (2000), 

Figure 22 shows that the clay volumes likely increased fracturing of the intact 

rock mass between the clay volumes in the analysed zone (Vatcher et al., 

2017a). It was also shown  by Vatcher et al. (2017a) that stress field resulting 

from production and clay volumes is likely to cause instability of pre-existing 

discontinuities that have been mapped (Figure 23 and Figure 24). The clay 

volumes are therefore likely important to the seismic rock mass behaviour at the 

Kiirunavaara Mine, based on analyses of various data sources and stress 

analysis. 
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a) 

  

b) 

  

Figure 21 Plan view of induced stressed on Level 1051 m caused by clay rich 

volumes, excavated Level 1022 m. a) Major principal induced stress 

greater than 10 MPa compression shown, and b) minor principal induced 

stress less than 10 MPa tension shown. (Vatcher et al., 2017a) 

  



44 of 72 

 

 

a) Base model 

 

b) Test model 

 

 

c) Base model 

 

d) Test model 

 
Figure 22 Differential stresses a) without clay and b) with clay. Plastic yield a) 

without clay and b) with clay. Results shown after mining Level 1079 m 

along a vertical plane perpendicular to the orebody strike at this location 

(67°N) where the least influence of the clay volumes is expected (Y34.14, 

X = 6481 m). (Vatcher et al., 2017a) 

a) Base model b) Test model 

  
Figure 23 Mapped discontinuities (poles and Fischer concentrations in grey scale) 

overlaid with orientations that may slip (poles, red shaded) from the ESS 

analysis for the footwall contact at Level 1079 m. Production is two levels 

above the analysis point (Level 1022 m). Slip is not possible in the model 

without clay (a), and slip is possible in the model with clay (b). 

Orientations are presented in mine coordinates. (Vatcher et al., 2017a) 
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Figure 24 Mapped discontinuities (poles and Fischer concentrations in grey scale) 

overlaid with orientations that may slip (red shaded) from the ESS 

analysis at the footwall access drift on Level 1079 m (Y34.24, 

X = 6458.42 m). Production is two levels below the analysis point 

(Level 1137 m). Orientations are presented in mine coordinates. (Vatcher 

et al., 2017a) 
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6 Discussion 

By changing the way one listened, a completely new understanding of the story 

of the rock mass was gained. It is postulated that this holistic approach was 

successful because of the following characteristics. 

1. Mine-scale, 3-D approach 

For this analysis, a mine scale approach was critical, even though the 

results focused on a specific study volume. Without looking at the 

bigger picture, it would have been difficult to identify deviations in 

behaviour (for example, that there are more ground falls in the central 

portion of the mine than near the tips of the orebody). Clearly, not all 

data was amenable to this, but there was great benefit in having the 

largest coverage possible. 

Exploring the 3-D spatial characteristics of the geomechanical 

environment was an integral aspect of this analysis. For example, the 

2-D surfaces created of the mapped clay on each level were important 

data. However, this information did not become useful and meaningful 

for this analysis until it was used in combination with other data to 

build a 3-D model of clay volumes. The relationships identified in 

Chapter 5 between the results of data analysis would not have been 

possible if it were not for the 3-D focus in Chapter 4. 

3-D analysis was also particularly important from a modelling 

perspective. Early in this work, Vatcher et al. (2014) illustrated the 

importance of 3-D analysis specifically for this mine by comparing 

stress results from 3-D models with Sjöberg and Malmgren's (2008a) 

2-D models. Despite the fact that this 4.5 km long orebody would 

typically be considered a 2-D problem, the 3-D results showed:       

1) a less favourable stress fields from a rock mass stability perspective 

(larger principle stress magnitudes were produced in the 3-D models 

than in the 2-D models which is atypical), and 2) better correlation 

with stress measurements. These interesting results are likely caused 

by the 3-D geometry of the softer orebody surrounded by stiffer host 

rock. This highlights the importance of using 3-D orebody geometry in 

future models. 
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Some potential issues with up-scaling of data were identified. As 

discussed in Chapter 5.2, there may be some common geomechanical 

environment data that may not scale up. RQD, for example, is a 

classification system that is designed to be used at the drift scale. 

Scaling of this data to the mine-scale, as done in this analysis, may not 

be meaningful. That is, the data may no longer represent the rock mass. 

It is unclear if the negative results when comparing the RQD model 

with tomography results were caused by a lack of correlation, or an 

indication of underlying errors in original data sources, such as 

inappropriate scaling. 

2. Long-term approach 

The analysis presented in this dissertation involved a much longer 

timescale than typically evaluated in rock mechanics problems. 

Analysis using the entire length of data that was time related resulted 

in some critical findings. For example, evaluating the seismic database 

over its entire recording length is the sole reason why the internal 

inconsistency was identified (Chapter 4.6). 

3. Varied and distinct data sources 

Chapter 5 illustrated the importance of the integration of varied data. 

While the analysis of individual data sets (Chapter 4) provided 

interesting results, it was not until the comparison of these results that 

a deeper understanding of the rock was developed. As with all 

analyses, having distinct data sets is important to avoid identification 

of false relationships. For example, it was important that the stress 

measurement data (Ask, 2016) used to validate the models was 

separate from the stress data (Sandström, 2003) used as an input to the 

models. 

Part of the success of the analyses presented in this dissertation is 

likely due to the wide variety of data types. The use of conventional 

and unconventional data sources resulted in a better understanding of 

the rock mass. Exploring data from a mine-scale rock mass behaviour 

perspective resulted in important discoveries, even though this data 

was not originally intended for this use. For example, the analysis of 

the ground fall database to identify mine-scale spatial and temporal 

patterns in ground fall behaviour provided important information about 
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the effectiveness of the current rock support system, and behaviour 

changes possibly associated with surpassing a stress threshold. 

Some of the techniques developed and used during this analysis may be less 

suitable to other rock masses, as they were developed with consideration of the 

Kiirunavaara Mine’s rock mass. For example, building of the geomechanical 

model relied heavily on geostatistical techniques. This decision was made 

because these techniques well represent volumetric features, such as clay 

volumes. Prediction of non-volumetric features through geostatistics may prove 

to be more challenging. It may not be a valid method to, for example, 

interpolate fracture properties for specific discontinuities. Early in this project, 

it was discovered that the original hypothesis of mine-scale fault slip events 

strongly contributing to the rock mass behaviour was likely incorrect. The 

methodologies, techniques, and data used were selected with consideration of 

this new understanding. Alternative techniques may be required for rock masses 

in which the fault-slip hypothesis is valid. This research focused on single 

geomechanical features, rather than on multiple features acting simultaneously. 

It is plausible, however, that multiple features interact to result in rock mass 

behaviour. It is not clear if the separate analysis of these features, as done 

during this work, will always result in identification of the rock mass behaviour. 

A systems approach may be required. 

While it is well understood that not every hard rock mass has such significant 

volumes of soft alteration, many of the techniques should be able to be 

extended to other mining environments. The use of the mine-scale, 3-D, long-

term perspective is not limited to the Kiirunavaara Mine. In the data limited 

world of rock mechanics, in combination with a general increased frequency of 

complex behaviour (for example, seismicity and rockbursting), the use of 

unconventional data sources to provide us with more information about the rock 

mass is becoming increasingly important. 

Unconventional data that may be used to better understand the rock mass is not 

limited to the data sources analysed during the course of this project. One topic 

of particular interest with consideration to unconventional data is the use of 

results from more advanced seismological techniques. Identification of 

correlations and uses of this data from a rock mechanics perspective has the 

potential to be extremely rewarding. Not only are seismic databases typically 

large, underutilised data sets, it is well understood that seismic rock mass 

behaviour can have severe consequences. Therefore, as we have increasingly 
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more seismicity occurring in mining environments, it is of increasing 

importance that we understand seismic behaviour. The use of seismic data and 

related analyses within this project are discussed in the following list. 

• The initial groundwork exploring if passive tomography can be used to 

identify geomechanical characteristics at the Kiirunavaara Mine was 

completed. Unfortunately, there were few indications that these specific 

models provide information that can be correlated to the geomechanical 

characteristics analysed. This does not mean that future efforts to better 

understand the rock mass through passive tomography are in vain, as 

these results are site-, data-, and model-specific. 

• It was unfortunate for this analysis that information about the source 

mechanisms was not available. It would have been particularly interesting 

to have reliable Es/Ep ratio data, as it is a data source that has excellent 

spatial and temporal coverage. However, the fact that the database was 

not internally consistent highlights one of the issues with much of the data 

associated with more advanced seismological analysis: data instability. 

Es/Ep is widely considered as a rough estimate of source mechanism. The 

exact cut-off ratio separating slip from non-slip events is site-specific, but 

difficulties exist regarding determining the cut-off value. It is highly 

sensitive to selection of corner frequency, precisely how one determines 

the two energies, and how accurate the arrival picking is. 

Source mechanisms from moment tensor analysis were not available 

during the course of the project from which this thesis work stems, 

despite the best of plans. Moment tensor analyses are based on waveform 

analysis that breaks the event up into its respective components. The 

results provide information about the source mechanism, including 

alternatives for the fault plane orientation. While well-established in the 

field of seismology, moment tensors from mining induced seismicity are 

less common. Unfortunately, there was yet another data instability issue 

encountered by those who worked on this subject within the project group 

that this thesis is a part of. Available software from the microseismic 

system provider at the Kiirunavaara Mine produced unstable moment 

tensor results. 
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A few interesting research questions developed during the course of this work, 

but have kindly been left for others to address. A brief discussion of these 

topics follows. 

• All numerical modelling done within this project and every other 

published 3-D model of the Kiirunavaara Mine to date simplified 

production as excavations by block and level. It should be noted, 

however, that actual production has a much more 3-D geometry. One 

level closes at the same time as the level below opens. Additionally, a 

chevron pattern within each block is typically employed. 

During this project, it has been noted that in Block 34 there is a narrow 

portion of orebody that is consistently mined last. This in effect creates a 

pillar, which consists primarily of stiff host rock. This pillar exists in the 

intact rock between larger clay volumes, an area where increased stresses 

are expected, alongside increased seismicity. Initial evaluation showed 

consistent concentrations of seismicity in this pillar. 

• Interesting discussions have occurred as a result of this project regarding 

at what place and point in time in the production schedule the largest 

stress changes occur. Since the orebody dips at approximately 50-70°, 

when each level is opened, there is a toe that is not connected to the 

caving material above. It is currently unclear if the large stress change 

associated with opening a level occurs during the mining of this toe, or if 

it occurs when the newly opened level meets the caving material above. 

This issue becomes more complex as one considers the chevron pattern of 

production on each level. It is unclear exactly which moment in 

production is represented by the modelling strategy of removing material 

by block and level in a model. This becomes of importance when one is 

to compare data with a temporal component, for example seismicity. 

• It has been noted during the course of this project that rock mass 

behaviour issues exist related to the ore passes. Ore passes are situated 

quite close to the orebody, cause significant seismicity in the surrounding 

rock mass, and are known to have extensive failures, where ore passes 

that were originally designed with a 7 m² cross-section have expanded to 

have some cross-sections that are hundreds of square metres in area. The 

quantity of ore passes in the rock mass combined with their size means 

that these are stiffness features that may influence the mine-scale stress 

field. 
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7 Conclusion 

The quest to develop universal techniques to better understand mine-scale rock 

mass behaviour is by no means complete. However, the methodologies and 

techniques created, proposed, and used as part of this work were successful for 

the Kiirunavaara Mine. Changing the way in which one listened to the rock 

mass changed the perspective on the behaviour. The listening process 

developed during the course of this work eliminated the original hypothesis of 

movement along mine-scale faults resulting in remote, large-magnitude seismic 

events (fault slip). Instead, by actively and methodologically evaluating the 

various data sources, the existence and importance of a previously overlooked 

characteristic of the rock mass was discovered. At the Kiirunavaara Mine, 

volumes of clay alteration play a significant role in mine-scale rock mass 

behaviour. Approaching the problem from a holistic and mine-scale perspective 

was critical to developing this understanding. 

Data sources and analyses shared three characteristics: mine-scale, long-term, 

and varied and distinct. The need for good quality and quantity of data is widely 

accepted in rock mechanics, and the work presented in this dissertation provides 

insight into how mines can expand and utilise their databases. Both 

conventional and unconventional data sets proved to be of use. A strong 

statistical analysis of good quality data led to reliable results. Issues of scaling 

of conventional data potentially appeared, and further evaluation is required 

regarding which data sources that may remain representative of the rock mass 

when they are scaled to a size that they were not intended to be used. The 

integration of results from separate data analyses was an important component 

of this work. It was only through these collaborating stories that a more 

complete comprehension of rock mass behaviour was developed. The new 

perspectives used resulted in a paradigm change in the understanding of rock 

mass behaviour, through considering conventional and unconventional data 

sources, data analysis techniques, and integration of results. It is these 

perspectives that may be of use to other mining environments when trying to 

develop the story of the rock mass. 

The work encompassed in this thesis provides the foundations for a path 

forward in techniques to interpret mine-scale rock mass behaviour. It has 

highlighted the importance of creative thinking about how unconventional data 

sources can be used for rock mechanics analyses. Hope is offered that one day 

there will be a geomechanical report that does not state that data quantity limits 
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the results. It is the opinion of the author that the understanding of rock mass 

behaviour that was developed during the course of this work could not have 

been achieved with the current standard evaluation techniques. It is expected 

that the need to look to unconventional data sources to gain information about 

the rock mass will increase in the future. In particular, one can consider that a 

likely future path for rock mechanics is to further develop the use of advanced 

seismological data and analyses. Data such as velocity tomography, temporal 

and spatial patterns in seismicity and seismological parameters, moment 

tensors, and stress inversion may provide insight into the rock mass. Of 

particular importance for the successful future of rock mechanics is the ability 

to effective work in interdisciplinary teams, such as teams that include 

geologists and seismologists. New ideas, in particular surrounding mine 

seismicity and the rock mass, are precisely what we need, and the open use of 

complementary disciplines will likely generate different techniques and 

interpretations that would not have been possible without collaboration.  
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8 Recommendations and future work 

8.1 Research recommendations 
The following recommendations for future research in rock mechanics are 

suggested: 

• Continuation of testing the benefits and drawbacks of listening to the rock 

mass from the mine-scale, long-term, and 3-D perspective is 

recommended. At any given mine site, all available data should be 

critically and creatively evaluated to understand if they can provide 

insight into rock mass behaviour. 

• Considering the use of seismology data and seismological analyses in 

rock mechanics, it is suggested that: 

o further exploration of using seismic tomographic models to identify 

geomechanical characteristics be completed, 

o a strong focus on spatial and temporal patterns in seismicity related 

to mining production is considered, 

o spatial and temporal patterns in stable source mechanisms      

(Es/Ep and/or moment tensors) be evaluated at a large scale to 

assist in identifying how the rock mass is behaving,  

o focal plane solutions, for example from moment tensors, be 

compared to i) known discontinuities, and ii) possible movements 

of those discontinuities considering the stress field (the ESS 

technique previously discussed in Chapter 2 and 5.4 is one 

appropriate method to determine this), and 

o stress inversion results be compared directly to numerical modelling 

results. 

Clearly, some of these points surrounding advanced seismological 

analyses are not necessarily in-line with the holistic, long-term, mine-

scale perspective recommended. For example, focal plane solutions and 

stress inversions are done for specific and limited events, during a 

specific period of time. This (rather complex and often underestimated by 

those in rock mechanics) burden remains with seismologists to increase 

the ability to quickly produce reliable results, thereby increasing the data 

quality and quantity. 
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Multipronged, collaborative research spanning both fields is required for 

this to be successful. It is therefore strongly recommended that 

seismologists familiar with mine seismicity, who have strong 

backgrounds in applied science (engineering) are included in mining 

research projects from the beginning, rather than as an appendix to 

consult. To further this, it is important that those working in mine 

seismicity incorporate engineers in rock mechanics with strong 

backgrounds in underground mining. This is interdisciplinary research at 

its best, and will benefit greatly from collaboration and willingness from 

both sides. 

• Techniques that consider the interaction of multiple geomechanical 

components from a systems perspective may need to be developed in the 

future. Exploration of this rather complex area is recommended. 

• Additional research is required to test the appropriateness of geostatistical 

techniques on geomechanical data for other geomechanical environments. 

• The continuation of the development of techniques to understand if a 

geomechanical feature is of significance to rock mass behaviour is 

strongly recommended. 

• Additional work is recommended to aid in constitutive model selection 

for numerical stress analysis. General guidelines that assist modellers in 

understanding which constitutive model(s) is/are the most appropriate for 

their situation would be of immense use. 

• It is recommended that analysis of laser imaging data from a rock 

mechanics perspective be further developed to gain a better understanding 

of the rock masses at the large-scale, as the initial results were promising. 

In addition to a 3-D spatial analysis, like that presented as a part of this 

work, it is recommended that one evaluates: 

o drift orientation with respect to percent overbreak, and 

o orientations of maximum overbreak (within the drift). 

Much like with boreholes, the maximum overbreak can be used to infer 

the stress field, provided one can assume a homogeneous, isotropic 

medium. 



57 of 72 

It would be interesting to extend the developed analysis techniques to 

overbreak in drift intersections, rather than just singular drifts. It is, 

however, worth considering that this data may need to be treated 

separately from the data from singular drifts, as the failure modes 

involved may be so vastly different due to the span increase. These data 

sets may not provide information about comparable characteristics of the 

rock mass. 

It is also recommended that the developed laser imaging data analysis 

technique be used with repeated scans of the same locations. Deformation 

analysis can be performed between the scans, thereby gaining an 

understanding of how rock mass characteristics change with time in that 

volume. 

An interesting research subject is the application of the developed 

overbreak analysis technique in boreholes. Scanning of multiple 

boreholes has the potential to be a very useful database in 3-D. In addition 

to a better understanding of the distribution and location of rock 

conditions that lead to borehole breakouts, one can also examine 

orientations of overbreak that potentially mean that the stress field can be 

inferred at many points in space simultaneously. Changes in the 

overbreak and inferred stress field may be indicative of geomechanical 

characteristics, which potentially may be mining induced based on the 

situation. It would be very interesting to compare this information to 

detailed numerical stress analysis models. 

8.2 Future work at the Kiirunavaara Mine 
The following topics are suggested as future work for the Kiirunavaara Mine: 

• Since volumes of clay alteration have shown to be important, similar 

model development techniques used within this project are recommended 

for the rest of the rock mass. That is, geological logging should continue 

and specific clay mapping campaigns underground should be executed. 

• It is recommended that 1) 3-D modelling be used in the future at the 

mine, or 2) the stress conditions for the 2-D models are extracted from the 

representative 3-D models (provided that the necessary assumptions for 

2-D analysis are not violated). 
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• It is recommended that the production pattern be evaluated using 3-D 

numerical stress analysis, and including important geomechanical 

features, such as clay volumes. Production should be planned to reduce 

worker exposure to seismicity, through planned yielding and stress 

shadowing. 

• It is recommended that 3-D numerical modelling be used at a block scale 

to better understand the stress redistribution as a result of more detailed, 

3-D production geometries. 

• It is recommended that the methodology used to evaluate the influence of 

the clay volumes be applied to the ore passes. In this way, one gains an 

understanding of the effect of the ore passes on stress redistribution, crack 

initiation, and slip on pre-existing discontinuities. 

Additional analyses focusing on the seismicity caused by ore pass 

expansion is recommended. As ore passes are critical infrastructure, their 

placement from a rock mechanics perspective should be optimised to 1) 

maintain ore pass stability, and 2) cause limited seismicity, in particular 

where workers are commonly present. 

• The exact cause of the temporal changes of ground fall behaviour 

approximately when production began on Level 1022 m was not 

explained by this work. It is recommended that additional forensic 

analysis is completed on specific ground fall events to gain a better 

understanding of the differences in behaviour before and after this level 

was opened. This would be a good opportunity to evaluate support system 

effectiveness. This rather complex task is well-suited to numerical 

modelling, and will likely need explicit representation of discontinuities. 

• It is recommended that the inconsistencies in the seismic database are 

addressed. Past analyses completed using the seismic data need to be re-

evaluated for their consistency and compatibility. Databases that contain 

portions of the seismic database, for example the rockfall database 

occasionally contains Es/Ep for the culprit event, need to be updated. 
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• It is strongly recommended that additional work be completed on 

identifying spatial and temporal patterns of seismicity. These patterns 

must be linked to production. The concept of extraction ratio may provide 

interesting and insightful results. An interesting topic to evaluate as a part 

of this work is if changes in seismicity are experienced when the current 

level joins the cavity above. 

• It is recommended that moment tensors and stress inversion be completed 

at the mine. It is the opinion of the author that events used in this analysis 

should be selected based on the identified spatial and temporal patterns of 

seismicity related to production. For example, it was preliminarily 

identified that the pillar caused by production sequencing is seismically 

active. Those events should be targeted together to understand the 

behaviour (source mechanisms) and stress state (from stress inversion) in 

that pillar. It is strongly recommended that this information is coupled 

with numerical modelling and the geomechanical model, in a feedback 

loop. 

• More detailed evaluation the tomographic models at the Kiirunavaara 

Mine should be completed before they are eliminated as a useful tool for 

inferring rock mass characteristics. One area of exploration should be 

caved material that is a result of the mining method. Preliminary visual 

analysis did not identify this correlation, but the analysis needs to be done 

with consideration of the precision of the models, and the believed caving 

volume(s). 

Temporal patterns in tomographic models that are presumed to represent 

changes in the rock mass properties should not be explored until 

identification of static correlations has been completed. 

Active tomography done on a smaller scale may provide improvements in 

the tomographic model such that correlations with the geomechanical 

model are identified. A pilot study is recommended. 

• Although an extensive amount of geomechanical core logging was 

completed under the scope of this project, opportunity exists to further 

research if the distribution of these parameters in 3-D provides useful 

information about the rock mass. Regular geomechanical core logging is 

recommended at the Kiirunavaara Mine. 
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• Work in collaboration with a geologist began on identifying the level of 

alteration for each of the samples that underwent point load testing, 

however, to date, insufficient data exists to make conclusions with 

statistical significance. Continuation of this work is recommended, as all 

of the point load test samples were label, and stored. 

• Spatial analysis of the point load test data is recommended. 

• Based on the analysis done in this project, there is limited geomechanical 

support as to the detailed logging of all geological units. It is 

recommended that the selection of which geological units to map be re-

evaluated, from a geomechanical, production, and processing perspective. 

It is unclear if all of this data is being used. It is, however, important to 

consider that lack of current understanding does not exclude the data’s 

usefulness in the future. Any reduction in data acquisition must be done 

carefully and with reservation. 

• The structure of the rockfall database should be re-evaluated. In 

particular, multiple failure modes should be selectable (for example, 

seismic and related to geological structure). If possible, more detailed 

damage mapping should be possible (the stress-related (smällberg) 

category should be made more specific). At minimum, the coordinates 

and dates of all ground fall events should be recorded, not just the 

location of the culprit seismic event. When data is input regarding size of 

ground fall, the units need to be consistent. 

• Additional laser imaging data should be acquired and analysed at a larger 

scale than the current database allows. 

• It was noted during the course of this analysis that significant overbreak 

exists in the drifts that had laser imaging data. It is recommended that the 

required drift dimensions be evaluated and compared the actual drift 

dimensions. Minimizing drift size can reduce costs associated with 

development and ventilation, and can potentially improve drift stability. 
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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 rock mechanics. The rock mechanics 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 1045 m, which is approximately 800 m 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 150 m, but averages around 80 m. The dip ranges
from 50◦ to 70◦. The orebody is open at depth, with a
delineated depth of approximately 1100 m. 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.

Extensive work 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 DATA ACQUISITION AND ANALYSIS

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 5200 m 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 that was 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 3D physical space is illustrated in Figure 4.This data
will be used in the identification of potential geological
structures.

2.4 Stress measurement campaign

A unique, deep stress measurement campaign is under-
way at the Kiirunavaara Mine.All stress measurements
associated with this campaign are being completed in
the study block.

Within the study block, two stress measurement
sites have been completed (levels 1165 m and 1252 m);
a third site planned for the near future (level 1079 m).
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 15 minute 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 the mod-
els.The information from the CSIRO cells will be used
for model validation by comparing the measured 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 this way, 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 shown with 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 scale models 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 Kiirunavaara Mine, and many 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 continuum models
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 reasonable material properties for the rock
mass and structures?

6. What are the input parameters for the small scale
models (stresses, boundary conditions and material
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; new elements will 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 established methodology 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.The modelling 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 testing methodologies used in rock mechan-
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 rock mass 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 



Numerical Modelling 
 

Deep Mining 2014, Sudbury, Canada 367 

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.
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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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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 charac-
terise 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 relation-
ships 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.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

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 RockMass Rating (RMR). These methods were originally
developed and calibrated for civil engineering excavations, such as tun-
nels, 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 dis-
continuities, which typify the geological environment of many mines.
Adaptations of GSI for heterogeneous rockmasses have been developed
(Hoek and Karzulovic, 2001; 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 rele-
vant 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 dif-
ficulties 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) 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 informa-
tion, 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., 2011, 2012; Vatcher et al., 2014). Recent underground
mapping, core logging and laboratory testing campaigns done in support
of these projects have revealed that the rockmass is heterogeneous, with
variable characteristics across both the 5 km length andN1000mdepthof
the orebody. An additional potential complication for geomechanical
characterisation of the rock mass is that there are volumes of clay alter-
ation,which are oftenmeters to tens ofmeters in their longest dimension.

Previous studies at the KiirunavaaraMine have been limited in scope
with respect to development of a geomechanical model. Themajority 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
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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 en-
hance knowledge.

The data analysis techniques presented to create large-scale 3-D
geomechanical models were intentionally selected for their compatibil-
ity 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 quantifi-
able identification of structural domains.

2. Kiirunavaara Mine

The Kiirunavaara Mine is a large sublevel caving mine that produces
approximately 28million tonnes per annumof iron ore.With the deepest
production levels currently at approximately 800m below surface (Level
1051 m), the rock mass is seismically active and rockburst prone. The
newestmain haulage level is Level 1365m (see Fig. 1), and sublevels cur-
rently 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).

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
uses more generic geological classifications. The mine distinguishes ore
rock types based on their grade and contaminant concentration. Footwall
rock types are divided into three major classifications; granite, skarn or
trachyte-trachyandesite (referred to as syenite porphyries at the 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 mineralogy, texture and/or alteration. Underground geo-
logical mapping identifies the ore units based on grade and contamina-
tion (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 rockmass at the KiirunavaaraMine has undergone signif-
icant alteration. This alteration is in the form of both replacement of min-
erals by clay as well as leaching, leaving the rock porous (Berglund and
Andersson, 2013). The clay-altered lens-shaped volumes are visible un-
derground 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 ana-
lyzed 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, rockmass quality and structur-
al domains. The forms of these data sources available at theKiirunavaara
Mine are described below. Some of this data is routinely collected at the
mine, and somewas collected during specifically targeted campaigns in
support of this and other projects at the mine.

• The diamond drill core database consists of approximately 590 000m
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 geological units, core losses and zones of poor material
(such as clay), and RQD.

• A total of 56 unconfined compressive strength (UCS) tests were com-
pleted on 11 of the rock units, which are sourced from previous test-
ing done by LKAB employees (such as Andersson and Israelsson,

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.
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2009), unpublished work (Westblom, 2014) and as a part of this
study. Competent and representative samples were selected. Samples
were extracted frommany locations in themine, mostly contained by
Volume B in Fig. 2.

• Approximately 740 Point Load Strength testswere completed on 20 of
the rock units on 28 mm core as a part of this study. The majority of
these samples were 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 source location.

• Geological data exists from routine underground drift mapping,
which focuses on definition of the orebody and the location of dif-
ferent 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 amore de-
tailed definition of clay zones in Volume C in Fig. 2.

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

• Geological Strength Index (GSI) has been mapped during under-
ground campaigns (LKAB, 2014c). Data is available between Level
1051m and Level 1543mwithin 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).

• Rock falls occurring duringproduction 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 record-
ed 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 de-
scription of the network and mining-induced seismicity.

In complicated rockmasses such as at theKiirunavaaraMine, the im-
portance 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 ana-
lyze without the assistance of statistics. As such, the methodology to
build the geomechanical models is based on statistical analysis of phys-
ical data, using operational experience and separate data sources for
verification where possible.

Geostatistical techniques have been usedwith 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 changes in characteristics. Due to its
robust and quantifiable nature and suitability with complex and hetero-
geneous geological environments, geostatistics was selected as one
of the main spatial analysis techniques to develop the geomechanical
model at the Kiirunavaara Mine.

The proposedmethodology employs the use of standard geostatistical
techniques with additional statistical analysis to understand the large-
scale 3-Dpatterns of rockmass 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 limit-
ed to identification of volumetric characteristics of the rockmass, and spe-
cifically 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 be-
tween geological units does not yet exist at the Kiirunavaara Mine. In
the literature, petrographic data has been used to evaluate intact com-
pressive rock strength through regression, expert systems, and artificial
intelligence (Alvarez Grima and Babuška, 1999; Gokceoglu, 2002;
Gokceoglu et al., 2009; Singh et al., 2001), however, insufficient data
was available for this study to use such an approach. As an alternative,
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

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 discontinuitiesmapped underground. Volume C illustrates the location of extensive undergroundmapping campaigns to better identify geological features, such as structures and clay
altered volumes.
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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; Kaya and Karaman,
2015; Kohno and Maeda, 2012). Most of these relationships use linear
scaling as suggested by ISRM (1985):

UCS ¼ kIs 50ð Þ ð1Þ

where k is the scaling factor. The scaling factor suggested in the testing
standards ranges from 20–25, however it is acknowledged in the stan-
dards and confirmed by others (previously listed) that this value may
vary between 15 and 50 and is highly dependent upon rock type (ISRM,
1985). Some authors, such as Kaya and Karaman (2015), have found
even lower scaling factors.

Since this scaling is dependent upon rock type, it is critical to first ap-
proach grouping of rock units by intact rock strength using statistical
tests. The purpose of this analysis is to identify 1) the underlying distri-
bution 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 the large number of samples, the Kolmogorov-Smirnov test
was used on the Is(50) data to evaluate all possible groupings of geolog-
ical units. Thismethod 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, non-
parametric nature. Each sample was represented by one Is(50) value;
an average value for the samplewas used if therewasmore than one ac-
ceptable 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:

k ¼ μUCS

μ Is 50ð Þ

 !
ð2Þ

where k is the scaling factor, μUCS is the average UCS from the UCS tests
and μ Isð50Þ is the average Is(50).

Based on the results from the Kolmogorov-Smirnov tests and con-
siderations 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 visualisation 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 sample numbers are starred (*). Additional point load
tests would improve the precision and accuracy of this analysis. Based
on Kolmogrov-Smirnov tests and χ2 tests, all data before and after group-
ing 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 distri-
butions 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 signifi-
cantly improve the accuracy of the estimated strengths, in particular
for groups with few UCS samples. Both the UCS data and the Point
Load Test data had a relatively wide spread, in particular in themajority
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.

There is a significant spreadof estimated intact rock strengths for the
geological units present at the Kiirunavaara Mine. 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 Strength tests conducted on lump sam-
ples; however, the current study does not have sufficient data to evalu-
ate 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 weaker units found at the mine, such as clay,
due to preferential sampling.

4.2. Volumes with clay alteration

Due to the significantly different material properties of clay com-
pared to the surrounding rock, and due to the total volume of clay

Fig. 3. Scaled Point Load Strength 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 from the UCS tests (μUCS), the scaling factor (k), the scaled standard deviation from the Point Load Strength
tests (σPLT), and the number of Point Load Strength tests (nPLT) for each group are presented over the box plots.
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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 frommapped
data were developed byMattsson et al. (2010). However, this work has
not been updated to reflect newly acquired data and knowledge.

Geostatistical techniqueswere applied to understand the underlying
spatial distribution of these clay volumes. This includes an analysis of
appropriate search parameters via semi-variograms and then interpola-
tion 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-variogramswere created to determine1) if direction-
al 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 indi-
cated that themajor andminor search ellipse axes are horizontal (Fig. 4).
The major axis is semi-perpendicular to orebody formation. The semi-
major axis was 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 signifi-
cantly smaller range than theborehole spacing (circa 50m). 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 the possible genesismethod of the hydrother-
mal clay alteration at the mine; hydrothermal fluid travels through
existing discontinuities until it reaches a volume of the rock mass which
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 interpolation methods.

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 alter-
ation found in joints) that could be calibrated to clay mapped under-
ground where data was available, see Fig. 5a) and b). Fig. 5c) shows
the calibrated claymodel with the undergroundmapping data. Calibra-
tion 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 indica-
tors 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 spa-
tial analysis of core data has the potential to assist with prediction of lo-
cation and size of clay volumes prior to drifting. Tighter exploration drill
spacing and additional undergroundmapping in other areas of themine
have the potential to improve future models.

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 cov-
erage. However, the RQD data set (LKAB, 2014a) is much more com-
plete, and is amenable to geostatistical analysis.

Two previous works exist using geostatistics to estimate RQD at the
KiirunavaaraMine. The first was limited to a section of the rockmass lo-
cated in the north (Henry andMarcotte, 2001), and the second used iso-
tropic search parameters to develop a mine-scale model (Cotesta,
2011). To update themodelwith newlymappeddata and to provide ad-
ditional 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 RQDwere 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 projec-
tion of the orebody. Distinct zones of lower RQD crosscut the orebody, in
particular in the southern end (Fig. 6). These zones are physically asso-
ciatedwith the calibrated clay volumemodel; lowRQD is found both in-
side and in the immediate vicinity of the volumes that are estimated to

Fig. 4. Semi-variograms in the major, semi-major and minor search ellipse directions. Search ellipsoid is visualised with mine coordinates.
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havemore clay alteration (Fig. 6). Consistentwith themine-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.

4.4. Structural domains

The last structural domaining done at themine scale was completed
in 1995 (Holmstedt, 1994, 1995), however the structural domains
found by Rådberg et al. (1989) are more commonly used. Since that
time, some additional work on identifying domains has been done
sporadically for specific volumes of themine. The current study updates
the structural domain model by incorporating historical and newly ac-
quired data (LKAB, 2014b).

Due to the importance of the identification of structural domains,
multiple techniques have been developed to assess their boundaries

(EscuderViruete 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, ap-
propriate 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 sug-
gested by Zhou andMaerz (2002), as only dip and dip direction is read-
ily available at the mine scale.

Piteau and Russell (1971) developed an effective and simple tech-
nique to identify the locations of structural domains. Their technique
is based upon themathematical definition of structural domains;within
each domain, the slope of the cumulative sum of dip or dip direction is

Fig. 5. 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).
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constant. Themajor 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. Iden-
tifying 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 distribu-
tion 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 sta-
tistically evaluated using similar strategies as presented by Mahtab and
Yegulalp (1984) and Martin and Tannant (2004). The proposed tech-
nique for quantitative identification of structural domains is detailed
below.

1. Create a blockmodel 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 jointmeasured, 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 parame-
ters 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 statis-
tical analysis of the underlying data.Withmost 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 charac-
teristics, 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 re-
quires 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.

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 sumof dipwas themost appropriatemet-
ric. Isotropic inverse distance was applied to the block model to interpo-
late 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.

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 χ2 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 limita-
tions associated with the χ2 test, Martin and Tannant (2004) adopted
thewindow technique, however used the Pearson product–moment cor-
relation 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 (ρ)) as well as the Kendall rank
correlation coefficient (Kendall’s tau (τ) coefficient) were tested to
evaluate statistical similarity between stereonets. For the joint sets
in the Kiirunavaara Mine, the use of Spearman’s ρ correlation coeffi-
cient and Kendall’s τ were found to be most appropriate since the
joint set data series after the count of poles in the windows are dis-
crete and non-normal.

The results from the domaining analysis at the Kiirunavaara Mine
highlight that the domains have 3-D shapes at the mine-scale, which
cannot always be accurately represented 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 com-
parison of the stereonets can assist with this process via quantification
of how different two stereonets are. At the Kiirunavaara Mine, one of

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 blockmodel, where values are scaled by colour. Themine-scale claymodel (from Section 4.2) is superimposed on the RQDmodel, in addition to its calibration volume.
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the identified domains consists of a joint set that rotates within the vol-
ume. 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 ρ correlation coefficient and Kendall’s τ. How-
ever, as shown by the other stereonets in Fig. 8, the orientation of the
main joint set varies slightly between the individual volumes.

At the KiirunavaaraMine, transitions between domains at themine-
scale were rarely sharp. One example to the contrary, however, corre-
sponds with a known, mapped geological feature. Despite not being
used as a priori boundary during the analysis, where the rockmass tran-
sitions from north to south into a more clay altered volume (from ap-
proximately Y 28 and southwards), there is a sharp domain change. In

this southern portion of the orebody, only two domains have been iden-
tified at themine-scale (Fig. 9). They consist ofmany 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.

The 3-D domains identified for the rock mass using the suggested
technique offered a significant improvementwhen compared to vertical
extension of domains previously analyzed as suggested byRådberg et al.
(1989). More unique domains were identified, in different locations,
with clearer definition of joint sets and transition zones between do-
mains. 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).

Fig. 7. Example slices through the slope of the cumulative sum of dip blockmodel (30m cubes) used to identify structural domains (seen from the footwall towards the hangingwall). The
colour of each block represents the slope of the cumulative sum 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.

Fig. 8. Example of one domain (domain stereonet in upper left) at the KiirunavaaraMinewith slight variation of orientation of themajor joint set for different volumeswithin 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.

147J. Vatcher et al. / Engineering Geology 203 (2016) 140–150



4.5. Faults

Numerous faults (discontinuities with identifiable shear displace-
ment) are present at themine. Berglund andAndersson's (2013) under-
ground mapping work around Y 34 on the Level 1051 m, Level 1060 m,
and Level 1079m identifiedmany faults. Themajority of these faults are
steeply dipping and follow the strike of the orebody (Berglund and
Andersson, 2013). Currently, their length, spacing and persistence is un-
known. 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 beenmapped under-
ground. Seismic clustering of events by the mine has identified possible
fault structures, however only one structure has been confirmed by un-
derground 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 which 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 rockmass surround-
ing the clay. This is apparent from information related to jointing.
Surrounding the clay volumes there are lower RQD values, few dis-
tinguishable 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 theKiirunavaaraMine is horizontal and approximately
perpendicular to the strike of the orebody, whilst the intermediate and
minor principal in situ stresses are nearly equal (Sandström, 2003).
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). Themajority of the falls of ground are con-
centrated in the rock mass surrounding the clay zones.

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 vol-
ume is required.

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 shadedwireframes, and their associated
lower hemisphere equal area stereonets are provided. Stereonets are rotated so they are aligned with the mine coordinate system.
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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
masswith constant strengths and stiffnesses is a simplification that can-
not fully capture the rock mass response related to intact strength var-
iation. 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 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 vol-
umes and falls of ground. Considering how the in situ stresses in this re-
gion likely behave, a possible explanation of this mine-scale behaviour
is suggested. Since the volumes with clay alteration have a lower stiff-
ness 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 component of
the joint sets in the region. Stress concentrations caused by the clay vol-
umes combined with mining induced stress changes have the potential
to explain some of the behaviour. Numerical stress analysis in combina-
tion with more detailed study of the failure modes of the ground falls
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.

Themethodology presented, as applied to theKiirunavaaraMine, re-
sulted in an increased understanding of the geomechanical characteris-
tics of the rock mass. It successfully improved upon many aspects of
geomechanical characterisation, such as the identification of new struc-
tural 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 thatmodel to rockmass
behaviour highlighted where supplementary data collection could add
the most value.

The methodology is robust; it has the potential to be adapted to dif-
ferent 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 interpola-
tion. 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 func-
tion of the input data set; interpolation requires supporting data points
and accuracy of the results cannot be improvedwithoutwell-positioned
data. Provided the data supports interpolation, the presentedmethodol-
ogy is well suited to geological environments with heterogeneity and
alteration, and/or environments that have domain boundaries with ir-
regular 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 (rep-
resented by a model based on borehole data calibrated to underground
mapping) correlated to the geomechanical characteristics and behav-
iour of the rockmass. The rockmass in the immediate vicinity of the vol-
umes 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 interpo-
lation methods. The methodology is well suited to geological environ-
ments 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

Fig. 10. Falls of ground (squares) versus the calibrated clay volumemodel (shown from the footwall towards the hangingwall). Viewed from the direction ofmajor principal in situ stress
(pre-mining).
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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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Abstract
As with many other mining environments, the frequency of ground falls at Luossavaara-Kiirunavaara AB’s 
Kiirunavaara Mine has increased with the progression of mining depth. These instabilities, which are unevenly 
distributed throughout the rock mass, have failure modes primarily including spalling, strainbursting, 
structurally controlled failure, and combinations thereof. Although caused in part by the mine-wide stress 
redistribution and geomechanical features of the rock mass, the exact manner in which these factors control 
the spatial distribution and characteristics of the ground falls not well understood. The objective of this paper 
is to describe the development of a geomechanical basis for how and why the distribution and characteristics 
of the ground falls differ throughout the rock mass. 

Spatial and temporal characteristics of ground falls at the mine-scale were analysed using two main forms of 
data: 1) a database of ground fall events, and 2) laser imaging data. A methodology was developed 
specifically for the use of three-dimensional laser imaging data for mine-scale analysis of overbreak and falls 
of ground. In conjunction with geomechanical characterisation of the rock mass, these results can be used to 
assist with: identification of areas with higher risk of instabilities, production planning from an induced stress 
management perspective, location-based support system design in advance of drifting, evaluating the 
performance of drift development practice in different geomechanical conditions, and data collection and 
usage recommendations. 

Keywords: rockfalls, overbreak, geomechanical environment, laser imaging data, data collection 

1 Introduction 
Meaningful correlations between the geomechanical environment and the spatial distributions of ground 
falls and overbreak can provide insight into expected problem areas in advance of drifting, enabling 
production planning from an induced stress perspective and location-based support system design. This has 
the potential to result in safer operations, while reducing costs associated with rehabilitation. 

It is widely accepted that rock mass behaviour is correlated with geomechanical features and characteristics. 
Particularly large and/or damaging ground fall events are often individually analysed in detail, providing an 
improved understanding of the specific geomechanical characteristics that contributed to the event. 
However, this analysis is rarely expanded to the mine-scale, in particular for ground fall events, leaving little 
understanding of how geomechanically important features are spatially distributed. Often, data limitations 
in underground mining environments are not conducive to the statistical analysis required of databases that 
cover the mine, both spatially and temporally. The typical available data, databases of ground fall events, are 
often sparse and incomplete due to access restrictions and pressure from operations to rehabilitate the area 
in a timely manner. In surface applications, where data limitations are often less constraining, the spatial 
distribution of ground falls have been successfully analysed through the analysis of laser imaging data 
(e.g. Gigli et al. 2014; Abellán et al. 2010; Oppikofer et al. 2009), contributing immensely to the large-scale 
understanding of rock mass behaviour for particular sites. Some work using laser imaging has been 
completed in underground environments, such as Fekete et al. (2010), however, these applications have 
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been limited to tunnels and have yet to be applied at the large-scale. Although currently uncommon in 
practice, analysis of mine-scale databases related to rock mass behaviour has the potential to improve the 
mine-scale understanding of which geomechanical features are of importance and how these features are 
spatially distributed. 

Luossavaara-Kiirunavaara AB’s (LKAB) Kiirunavaara Mine, in northern Sweden, exhibits behaviours typical of 
deep mining environments; seismicity, stress fracturing, and falls of ground. It is known that the falls of 
ground are unevenly distributed throughout the rock mass, however, the exact nature and the underlying 
causes of this uneven spatial distribution remain unidentified. Analysis of overbreak at the mine has not 
previously been completed at the mine-scale. This paper presents the analysis of traditional and 
non-traditional data sets regarding ground behaviour at the mine-scale. Correlations between these forms 
of behaviour and the geomechanical environment are postulated. The results contribute to a better 
understanding of rock mass behaviour at the Kiirunavaara Mine and demonstrate alternative methods for 
data collection and analysis that can have potential application in other underground environments. 

2 Background and methodology 

2.1 Kiirunavaara Mine 
The Kiirunavaara Mine is located in northern Sweden. Producing approximately 28 million tonnes of iron ore 
per annum via sublevel caving, the mine is one of the largest underground mines in the world. The deepest 
active production level is currently Level 1051 m (approximately 820 m below surface). Along strike (Y-axis 
or the north–south axis in mine coordinates), the mine is divided into production areas called blocks 
(Figure 1). These blocks are used for production purposes and there is a name and coordinate change for 
levels deeper than Level 993 m, since production below this is passed to the newest main haulage level 
(Level 1365 m). The ratio of horizontal to vertical virgin stresses is approximately 1.28, and the virgin major 
principal stress is approximately horizontal and perpendicular to the strike of the orebody (refer to Vatcher 
et al. (2014) for more information on the stress field). The depth combined with the large induced stresses 
caused by sublevel caving of a 5 km long orebody and a heterogeneous, strong rock mass have resulted in 
seismicity and ground falls. 

 
Figure 1 The Kiirunavaara orebody, seen from the footwall looking towards the hangingwall. Production 

blocks (based on mine coordinates) are shaded and labelled (numbers). The deepest active 
production level as of February, 2016 for each block is visible as a continuous thick black line 
along strike. The orebody has been extended along dip from the deepest orebody definition, as 
it is open at depth 

2.2 Data 
At the Kiirunavaara Mine, information regarding ground falls is available in two forms: 

• The ground fall database. 

• Laser imaging data of selected drifts. 
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Ground falls at the mine are defined as unplanned movements of rock that completely separate from the 
support system and excavation boundary. Usually they occur after development activities have ended, 
however, some falls of ground are from an unsupported face. The database (in Swedish) (LKAB 2016) consists 
of information on some ground falls at the mine. Larger ground falls are always included in the database, 
however, smaller rockfall events are occasionally not documented due to available resources. There is no 
official definition between large and small rockfall events at the mine; it is instead open for interpretation of 
the individual completing the documentation. Information in the database includes location of ground fall 
(occasionally coordinates, always production block), large/small classification, size (weight or volume), and 
failure mechanism/cause. Few ground fall events have complete information for all categories. The cause of 
each fall of ground is classified as one of five categories, which are translated below from Swedish (based on 
discussion with LKAB employees since written documentation does not currently exist): 

• Seismically induced: This is the first cause that is evaluated for every fall of ground event. The 
seismic category is selected if a large seismic event was located near to the ground fall and close to 
the estimated time of the ground fall. The definition of ‘nearby’ is decided by the individual 
completing the documentation, and is specific to the area of the mine (for example, a wider search 
area is used in the southern portion of the mine). This is based on the past experience and 
knowledge of those completing the documentation. For those rockfall events listed as caused by 
seismic activity, the magnitude and location of the seismic event are usually found in the database. 
This means that the failure mechanism can include rockbursting (violent failure where the seismic 
source event is not at the ground fall location, including fault slip events), strainbursting (violent 
failure where the seismic source event is at the damage location), and dynamic shakedown of 
existing blocks. Moment tensor inversions are not routinely performed, and, therefore, are not part 
of the database. 

• Related to geological structure(s): Pre-existing discontinuities are believed to have been the 
underlying cause of the ground fall. Due to practices related to identifying events associated with 
seismic activity, the vast majority of rockfall events that are classified as related to geological 
structures are time-dependent unravelling, rather than seismic shakedown. 

• Stress related: Used to represent a variety of failure modes caused by stresses, where no related 
structures or seismicity can be identified. Failure modes include spalling (onion-like flaking around 
the surface of the opening), strainbursting, and rockbursting. It should be noted that the latter two 
of these failure modes are included as failure modes of stress related events, in addition to failure 
modes of seismic related events, since the seismic event may not have been identified. There is no 
distinction between high or low stress related failure modes. 

• Blast related: This category is used when it is known that production or development blasting was 
the cause of the ground fall. The failure mechanism of the majority of events in this category is 
shakedown. 

• Undecided: This category is used due to a number of potential reasons, including: unclear failure 
mechanism, occurring in an area outside of the coverage of the seismic system, and lack of available 
personnel resources for documentation. 

The ground fall database contains data from 2008 and onwards. Ground falls are grouped into production 
blocks; each group consists of two production blocks, one of which is above Level 993 m and the other is 
below. For example, events from Block 33 (above Level 993 m) and Block 34 (corresponding block below 
Level 993 m) are grouped together in the database. 
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To isolate the influence of geomechanical environment, it is important that the database is comparable 
throughout time and space. For example, a good degree of comparability is retained throughout this 
database since the drift design remains unchanged. There are, however, some changes external to the 
ground fall database that may influence the data: 

• Approximately in the middle of 2013, two additional personnel were hired to assist with data 
collection. This may increase the recorded number of events, since there are more resources 
devoted to data collection. 

• The seismic system has undergone expansion, in particular in 2012 and 2013. This could lead to 
an increased number of events being classified as seismic, since the coverage of the seismic 
system improved. 

• In 2010, the mine-wide support system was redesigned and implemented to accommodate more 
dynamic loading. 

In addition to the database, there exists laser imaging data of some of the footwall drifts of the lower levels 
(Level 1070 m, Level 1165 m, Level 1252 m, and Level 1338 m). This data was obtained over a short time 
period (compared to the mining sequence), and only one model exists. The work was completed in 
connection with the development of the most recent main haulage level, Level 1365 m. The data spanned 
from Block 12 through Block 41 (Figure 2). Once processed (see Section 2.3), 8,275 m of drift data were 
available for analysis. There are some important features of note with respect to this data: 

• Level 1070 m is a media drift (used for electricity, internet etc.) located in the footwall, has design 
dimensions of 8 m wide and 5.5 m high, and is located approximately 300 m horizontally from the 
orebody. For consistency with the mine’s terminology, design profiles are referred to as design 
profiles throughout this paper (Figure 2(b)). The remaining drifts (Level 1165 m, Level 1252 m, and 
Level 1338 m) are orebody access drifts from the footwall. Their design profile is 6 m wide and 5.5 m 
high, and are located on average 80 m horizontally from the orebody (Figure 2(c)). 

• At the time of imaging (approximately at the end of 2010), the support system had already been 
installed (this includes bolts, mesh and shotcrete). 

• At the time of imaging, areas that had experienced a fall of ground had already been rehabilitated. 

• In general, all of the drifts are oriented with the local strike of the orebody. At the mine-scale, the 
strike of the orebody is north–south. However, there are slight changes in orientation at the block 
scale, as shown in the plan views of the media level (Level 1070 m), and a representative ore access 
drift (Level 1165 m) in Figures 2(b) and 2(c), respectively. 

• The mine considers approximately 10% overbreak acceptable and expected (Quinteiro, pers. 
comm., 25 August 2016). 
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Figure 2 Views of the admissible drift data (laser imaging, black): (a) shows all 8,275 m of data from the 

footwall towards the hangingwall. The deepest production level for each block at the 
approximate time of imaging (end of 2010) is shown. Production blocks are labelled (numbers); 
(b) shows the data on the media drift, Level 1070 m, from above with a horizontal slice of the 
orebody at the same level; and, (c) shows the data on a representative orebody access drift 
(Level 1165 m), from above with a horizontal slice of the orebody at the same level 

2.3 Methodology 
The concept underpinning this methodology is to evaluate a large number of data, spatially and temporally 
spread throughout the mine, to isolate for the effect of geomechanical environment. For example, provided 
the data are comparable, areas in the rock mass that have more ground falls and overbreak provide 
information about the local geomechanical environment. This information can be a combination of rock mass 
characteristics as well as stress state during the time of the ground fall/overbreak. The importance of having 
sufficiently large databases for this type of analysis cannot be understated. 

Both descriptive and inferential statistics were used to analyse the two forms of data. Fall of ground events 
from the database were evaluated by physical locations in the mine, by active production level at the time of 
the events, and for temporal patterns. 

The laser imaging data of footwall drifts were divided into 5 m long sections along their three-dimensional (3D) 
centreline (Figure 3). This section length was intentionally selected as it is equivalent to round length at the 
mine, thereby equally distributing the shape caused by individual rounds across the database. Sections with 
planned geometry that veered from a standard drift pattern (such as drift intersections) were excluded from 
the analysis so that all data were comparable. The surface area of each 5 m section of laser imaging data was 
compared to the surface area of a 5 m length of the design (accounting for planned shotcrete thickness), and a 
percentage overbreak was calculated. Inferential statistics as well as spatial patterns in the data were analysed. 
The dataset is intentionally large so that underlying patterns in overbreak emerge, rather than focusing on the 
effects potentially caused by distinct mining crews, e.g. a specific crew’s scaling techniques. 

a) 

b) 

c) 
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Figure 3 Example of one processed data point from the laser imaging data. The scanned drifts are divided 

into 5 m sections (equal to round length) along the 3D centreline (line labelled CL) 

3 Results 

3.1 Ground falls 
Of the 817 ground fall incidences in the database at the time of extraction, approximately half were considered 
to be small (Figure 4). This size distribution is relatively consistent throughout all production blocks in the 
orebody. However, the number of events throughout all production blocks is not evenly distributed. Figure 4 
shows that there are fewer events near the margins of the orebody. Although this may in part be due to 
shallower production depth in the northern portion of the orebody, the southern margin also experiences fewer 
ground fall events despite having the same production depth as the central portion of the orebody. 

 
Figure 4 Number of ground fall events by size (undecided, small or large) and production block overlaid 

on view of the orebody from the footwall towards the hangingwall. Note that location ‘Other’ 
refers to falls of ground in the main infrastructure area located away from and approximately in 
the middle of the orebody 
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The number of ground fall events by category for the entire mine and each production block is shown in 
Figure 5. One of the most immediate realisations is that a large proportion of events across the mine have 
been categorised as undecided. The cause of this may be because the selection of category was unclear, 
multiple categories may have been appropriate, or the resources for documentation may not have been 
available. The results from the remaining categories are summarised as follows: 

• There was a higher proportion of ground falls related to seismic activity in the inner portion of the 
orebody (Block 19/22 through Block 33/34) than the outer portions. 

• There were relatively few ground falls related to geological structures. Those events that were, 
tended to be near the northern margin of the orebody (Block 9 and 12). 

• Stress related falls of ground were more common in the inner portion of the orebody (Block 19/22 
through Block 40/41) than the outer portions. These have a wider spatial variability than the events 
related to seismic activity. 

• Few ground fall events were related to blasting. They were relatively evenly distributed across 
the mine. 

 
Figure 5 Number of ground fall events by category (seismic, geological structures, stress, blast or 

undecided) and production block. The size of each circle is proportional to the number of events 
(percentage of total events per column listed). Background shows view of the orebody from the 
footwall towards the hangingwall with production blocks and active production levels at the time 
of database extraction 

In addition to considering location of ground falls, it is important to evaluate how the number of events 
changes over time. Figure 6 shows plots of the cumulative number of ground fall events throughout time. 
When considering the database as a whole (‘All’ in Figure 6, left and right), there are some distinct changes 
in the rate of ground fall events. Approximately in the middle of 2010, the rate of ground falls decreased and 
remained supressed until approximately the middle of 2013, after which the rate of events increased 
significantly. The initial decrease is likely due to the effectiveness of the new support system installed in drifts 
developed in 2010 and onwards. The increase in events in 2013 is likely due to a combination of 1) the mine 
is experiencing more events with increasing production depth, and 2) the availability of extra resources for 
documentation due to personnel commencing in mid-2013. 
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(a) (b) 

Figure 6 Cumulative number of ground falls throughout time. The ground falls are divided into: (a) size 
category and (b) type category 

The plot in Figure 6(a) separates the events based on their size category. Until 2013, the rate of large and 
small events was relatively similar (Figure 6(a)). However, during 2013 more small than large rockfall events 
began to be documented. This may be due to additional resources for documentation (more small ground 
fall events are recorded with extra personnel). 

The plot in Figure 6(b) separates the events based on the categories describing the cause of the ground fall. 
Some significant changes in rockfall incidence rate exist when considering ground falls related to seismicity 
and stress induced events between 2011 and onwards. Near the beginning of 2011, the rockfall event rate 
related to stress declined significantly. In 2013 the rate of these rockfall events increased. Almost 
simultaneously in 2013, the number of ground falls related to seismicity increased. After that point, the rate 
of seismicity related rockfall events stayed relatively constant. This is likely related to expansions of the 
seismic network in 2013 as well as higher levels of seismicity due to an increased production depth. Ground 
fall events categorised as blast and geological structure related were few and relatively constant over time. 

Supporting the hypothesis that the additional resources for documentation lead to the increase in the recorded 
number of small events in 2013 (Figure 6(a)), there was an increase in the number of ground fall events without 
a cause classification (‘Undecided’ in Figure 6(b)). These events with undecided cause had a greater proportion 
of smaller events than the entire database. This may indicate that the additional resources allocated to data 
collection increased the number of small events recorded, however, the cause was often not recorded, perhaps 
due to uncertainty and/or belief that it was inconsequential due to the ground fall size. 

Separating the cumulative number of events by their production block reveals a similar pattern to that of the 
size and classification of the events; the central portion of the orebody behaves differently than the outer 
margins (Figure 7(a)). Block 19/22 exhibits a different pattern of cumulative rockfalls than the other blocks 
in the inner portion of the mine (Figure 7(b)). It has distinctly fewer events and does not exhibit the same 
patterns in changes of rockfall incidence rate as the other blocks. This is likely due to a lengthy pause in 
production in this block. The majority of the inner blocks, excluding Block 19/22, show a reduction in the rate 
of events around 2010. Block 33/34 does not show a definitive slowing this time. An increase in the number 
of events is experienced in all blocks except for Block 19/22 and Block 33/34 close to the beginning of 
production on Level 1022 m. 
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(a) 

 
(b) 

Figure 7 Cumulative number of ground falls separated by production block for: (a) the entire mine 
(viewed from the footwall towards the hangingwall); and, (b) the inner portion. The date of the 
opening of each level for individual production blocks is overlaid on the cumulative ground fall 
data in (b) 
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3.2 Overbreak 
Histograms of the surface areas of the 5 m sections are shown in Figure 8, separated by level. The vast 
majority of the sections exhibit significantly larger profiles than the theoretical design profile (0% overbreak, 
shown as labelled vertical lines in Figure 8). From a percentage overbreak perspective, the media drift 
(Level 1070 m) has less overbreak than the orebody access drifts, despite having a larger theoretical design 
profile and being the shallowest. Level 1165 m was the nearest to the deepest active production levels at the 
time of imaging (approximately 200 m away to the deepest active production level in 3D), followed by 
Level 1070 m (250 m), Level 1252 m (280 m), and Level 1365 m (370 m). There does not appear to be a 
correlation between mean overbreak per level and minimum distance to the active production levels at the 
time of imaging. The majority of the drifts exhibit nearly normal distributions, with a mean value that is larger 
than the theoretical design surface area. The normal distributions indicate that the increased size of the drifts 
are likely due to the initial excavation process rather than rehabilitated areas caused by large induced 
stresses and geomechanical characteristics. The production drifts have more outliers to the right of the mean 
than the media drift (Level 1070 m), which likely represents areas which experienced ground falls 
(rehabilitated before the time of imaging). These results may indicate that the production drifts (located 80 m 
horizontally from the orebody) and the media drift (located 280 m horizontally from the orebody) are in 
different geomechanical environments. 

 
Figure 8 Distribution of surface area of laser imaged drift sections (5 m length) by level 

Many levels and blocks have approximately normal distributions (skewness and kurtosis tests were 
performed on all data). Those blocks, divided by levels, with normal distributions are shaded in Figure 9(a). 
A close up of an example block, Block 34 if provided in Figure 9(b). Notably, in all cases except for one 
(Block 30 Level 1070 m), the non-normal datasets are skewed towards the right, meaning that there are an 
increased number of sections with larger overbreak (possibly ground falls, but clearly some difficulties due 
to ground conditions). Non-normal distributions did not correlate with the average surface area of the 
dataset; having a skewed dataset does not indicate a larger average overbreak. This is likely due to the 
smoothing nature of averaging; the mean overbreak should be interpreted as an indicator of the average 
rock mass quality, rather than indicative of the worst material in the area. 
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(a) 

 
(b) 

Figure 9 Laser imaged drift sections (5 m length) coloured by percentage overbreak, viewed from the 
footwall towards the hangingwall: (a) shows all data, where shaded areas, by production blocks 
and levels, have normal distributions; and, (b) shows the detail with a near view of data in 
Block 34 

In general, more overbreak was experienced in the southern area of the orebody. That includes Block 26, 
Block 30, Block 34 and Block 38, but seemingly not Block 45, although data is more limited in this region. This 
is likely due to local changes in geomechanical environment. The small changes in drift orientation in this 
data do not appear to play a role in the spatial patterns of overbreak. Patterns of overbreak are, however, 
apparent at the block scale. Figure 10 presents an area, selected as an example, viewed from above. 
Confirming the histogram analysis, the media drift (Level 1070 m) has a distinctly different overbreak pattern 
than the orebody access drifts in the same area. Patterns in the breakout data are apparent when the access 
drifts are viewed from above; there are distinct areas approximately aligned with the block boundaries that 
consistently experience similar amounts of large overbreak. For example, in Figure 10, the orebody access 
drifts surrounding the block boundary between Block 30 and Block 34 have more overbreak than in the 
middle of either of those blocks. 
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Figure 10 Laser imaged drift sections (5 m length) coloured by percentage overbreak in Block 26, Block 30, 

and Block 34. Viewed from above (approximately parallel to the E(X) axis) 

4 Discussion 
It is important to consider that the categories used for classification of events do not have individual nor 
distinct failure modes. For example, although an event may be classified in the database as seismic, rather 
than related to geological features, the underlying cause may actually be geological structures, which created 
blocks that were dynamically shaken down. The database in its current form does not capture the multiple 
failure modes of some events. This significantly limits the ability to correlate the mine’s classification system 
to rock mass failure modes. 

The location along strike and production depth appear to play an integral role in the distribution and 
characteristics of ground fall events at the mine. These characteristics may be due to induced stresses. An 
increase in the number of ground fall events occurred when production started on Level 993 m as well as 
Level 1022 m. Further illustrating the role of production depth, the period in which Block 19 had reduced 
production exhibited a decrease in the rate of ground fall events. The increased stresses due to depth may 
be accountable for these changes. Although the new support system installed after 2010 successfully reduced 
the number of ground falls for a number of production levels, in general the effect did not last beyond 
Level 1022 m. This may indicate that the combination of higher stresses and geomechanical environment has 
resulted in different behaviour modes, which the support system is not handling as efficiently as with the 
behaviour seen around Level 993 m. The vast majority of the events below Level 1022 m were classified as 
related to seismicity, however, their failure modes remain undefined. The expansion of the seismic system, 
which occurred in 2012 and 2013, would inevitably increase the number of ground fall events reported as 
being seismicity related, due to the nature of the current system documenting ground falls. 

Regardless of production depth, there were distinctly more events near the inner portion of the orebody as 
opposed to near the margins. The vast majority of these events were categorised as related to seismicity or 
stresses. Additionally, the rate of the number of ground fall events was distinct between the inner and outer 
areas. Due to the large volume of caved material caused by the mining method (sublevel caving), the rock 
mass in the central portion of the orebody likely experiences less confinement than material near the margins 
of the orebody. Furthermore, due to the geometry of the central portion of the orebody compared to the 
outer margins, there are higher concentrations of stresses around the cave front in the central area. 

It is noted that very few of the events in the database were classified as related to geological structures. 
Although this could be interpreted that discontinuities do not play a large role in ground fall events, based 
on experience of the authors and discussion with mine employees, this is likely due to a biasing of the data 
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collection system. Underground, the authors have seen evidence that geological structures play a role in 
ground falls; distinct planes are visible after some of the ground fall events. Despite being imaged after 
rehabilitation, planar features are visible in the laser scanning data. With the data sets evaluated, it is not 
possible to identify the existence of seismic fault slip events, nor their contribution to ground falls. In the 
opinion of the authors, it is likely that ground fall events that are related to geological structures are classified 
under another category, such as seismically related or stress related. At this stage, the role of discontinuities 
in mine-scale behaviour cannot be quantified. 

The rock mass near the middle to southern portion of the orebody had different overbreak characteristics 
than the northern part. The role of geological environment in overbreak is highlighted as these drifts were 
excavated well in advance of production. One potent example of this is Block 33/34, which had both unusual 
ground fall and unusual overbreak behaviour compared to neighbouring blocks. The rate of ground fall events 
in Block 33/34 did not slow with the new support system installed in 2010 and two of three of the orebody 
access drifts showed abnormal distributions of overbreak. 

The media drift had less percentage overbreak, despite having a larger profile, than the orebody access drifts 
analysed. Mining induced stresses are not likely the cause of this due to distance to the active mining front, 
however, this should be confirmed using numerical modelling. Rather, this difference indicates that the 
media drift (300 m horizontally from the orebody) and the orebody access drifts (80 m horizontally from the 
orebody) are situated in different geomechanical regimes. It appears that the footwall material closer to the 
orebody is in worse condition than the footwall material further away from the orebody. This may have 
important implications to future work, for example numerical stress analysis. 

The analysis of the laser imaging data highlighted an issue that is common to most underground mines; 
difficulty in controlling drift size. The proposed analysis method was an efficient and effective way to evaluate 
the amount of overbreak. Overbreak can be an expensive problem due to extra tonnage during development 
(especially when drifting long distances) and excess ventilation and support requirements due to larger drift 
size. Efforts to reduce drift size to the theoretical profile can significantly reduce the costs of development. 

Despite being developed to document individual ground fall events, the ground fall database provided useful 
information to this study of the mine-scale behaviour. Evolution of the database alongside the development 
of new rock mass behaviour is, however, important. Evident from this analysis, the mine faces a classic 
problem that is common to many underground environments: difficulties identifying and recording failure 
modes, in particular, when they are mixed. Even with significant experience in damage mapping, these mixed 
failure modes are often challenging to unravel. This suggests that design of a classification system to capture 
this information is problematic. 

The methodology behind the analysis of the laser imaging data showed that this type of data collection can 
provide valuable insights into mine-wide differences in rock mass behaviour. However, the analysis was 
limited by the data. At the Kiirunavaara Mine, development drifts are driven years in advance of production. 
The data available for this study was of development drifts that, at the time they were scanned, had not likely 
experienced maximum induced stresses from mining. Additional imaging data acquired at a later date could 
provide an opportunity to evaluate the effects of mining induced stresses. This could be useful information 
to validate numerical stress analysis models. 

5 Conclusion 
A new methodology was developed that enables analysis of non-traditional data to provide useful 
geomechanical information. Traditional and non-traditional data were analysed to evaluate spatial changes 
in geomechanical characteristics. The application of this methodology has shown that datasets, which are 
readily available in many mining and rock construction environments, can be successfully used to obtain a 
greater geomechanical understanding. 

At the Kiirunavaara Mine, ground falls exhibit both spatial and temporal patterns. More ground falls occur near 
the inner portions of the orebody (as opposed to near the margins), and distinct mining levels appear to be 
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associated with an increased rate of events (Level 993 m and Level 1022 m). Some exceptions exist, suggesting 
a change in geomechanical environment (Block 33/34, for example). Like ground falls, overbreak at the mine 
also exhibited distinct spatial patterns indicating changes in geomechanical environment. The drifts analysed 
that were nearer to the orebody experienced a larger percent overbreak than the drift located further away, 
despite all drifts being relatively remote from the mining front at the time of data acquisition. Particularly 
prominent in the southern portion of the orebody, non-normal distributions of overbreak data indicate areas 
that have consistently experienced more ground falls. Spatial patterns of overbreak are evident when viewed 
approximately perpendicular to the major principal stress. Changes in the underlying geomechanical 
environment are the likely cause of these spatial and temporal patterns of rock mass behaviour. 

Non-unique failure modes posed a significant limitation to the ground fall analysis; compound failure modes 
are not represented in the database. This issue is likely of note in other mines as well, due to the difficulty in 
identifying the mixed failure modes while damage mapping. When damage mapping, one sees the final state 
of a failure and it is often difficult to unravel the failure mode components, which lead to that state. Creating 
a database and/or classification system in which multiple, compound failure modes can be recorded is not a 
trivial task, due to the difficulties of damage mapping such events.  

This work has illustrated that laser imaging data is a promising addition to combat sparse data in the field of 
geomechanics. Spatial patterns and characteristics of overbreak provide information about the native 
geomechanical environment. Information about the stress field at the time of scanning may be present in 
this data, however, difficulties due to the heterogeneous nature of rock masses make extrapolation of the 
stress field unreliable in the many geomechanical environments. 

This type of analysis can not only provide information about the underlying geomechanical environment, but 
also give an indication regarding support efficiency throughout mine life. Temporal analysis of ground 
behaviour (ground falls and overbreak) can give vital information about the vitality of (a) support system(s) 
as geological and mining induced stress conditions change. This information is critical for support design. 
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Abstract 

The importance of geomechanical features to rock mass behaviour is widely 

accepted. The identification of which geomechanical features are important is a 

critical step both for data collection and evaluation of failure mechanisms, such 

as via numerical stress analysis. However, guidelines do not exist regarding 

how to identify which of these features are important to seismic rock mass 

behaviour. A methodology is proposed to identify if a geomechanical feature 

may influence seismic rock mass behaviour. The methodology is intended to be 

used at an early stage in analysis to help guide more detailed analyses, and is 

based on evaluating stress changes caused by the feature using numerical stress 

analysis. The methodology was applied to Luossavaara-Kiirunavaara AB’s 

(LKAB) Kiirunavaara Mine, and successfully identified that a recently 

modelled feature of the rock mass affects seismic behaviour at the large-scale. 

This methodology offers promise in steering data collection and future analyses 

for excavations in seismically active environments. 

Keywords 

Rock mass behaviour, numerical modelling, seismicity, geomechanical 

environment 
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1 Introduction 

As hard rock mining progresses deeper, the likelihood of hazardous rock mass 

behaviour escalates. Deep, hard rock, underground mines are often in high 

stress environments, and when combined with excavations and geomechanical 

features of the rock mass, can result in seismicity, rockbursts and ground falls. 

An understanding of which geomechanical features are important to rock mass 

behaviour would assist with risk mitigating design. 

A significant number of the stability analyses in geomechanics begin as inverse 

problems, commonly referred to as back analysis. Our tasks often begin with 

the results (expected or observed rock mass behaviour) and hypothesised causes 

are evaluated, such as by means of numerical modelling. This is because during 

data collection there are no known standardized indicators regarding which 

information is important to focus data collection efforts and future analysis on. 

Due to this inverse nature, current analysis practices revolve around using 

a priori assumptions about every geomechanical feature’s importance, through 

explicitly representing or excluding the feature in the numerical model. This 

may result in two forms of error: 1) the feature was important but was not 

included, and 2) the feature was not important but was included. The first error 

may limit the ability to reproduce and therefore understand the rock mass 

behaviour. The second error may result in models which are overly complex to 

run and/or analyze, often clouding the path forward for design decisions. The 

ability to distinguish if a geomechanical feature is significant is integral to 

solving these inverse problems. To assist with gathering this information for the 

design process, a robust and repeatable methodology is proposed to evaluate if 

geomechanical features may contribute to rock mass behaviour. 

This methodology extends and combines existing techniques, and is based on 

analysis of numerical modelling results. This paper describes the methodology 

and its components, followed by an example application of the methodology at 

the Kiirunavaara Mine, Sweden. The strengths, weaknesses and applicability of 

the methodology are discussed and conclusions are presented. 

2 The methodology 

The proposed methodology provides an intuitive, repeatable, and robust means 

to evaluate the potential importance of specific geomechanical features, referred 

to as “stiffness features.” Stiffness features, volumetric features which have 



Paper V: 3 of 29 

stiffness properties that differ from the surrounding material, are the focus of 

this methodology because that which drives behaviour, the stress field, is 

affected primarily by stiffness differentials. An understanding of how the 

induced stress field may change due to the incorporation of possible stiffness 

features is a critical path item towards understanding potential future rock mass 

behaviour. It is recommended that single stiffness features are first evaluated 

individually, rather than combining multiple features simultaneously. Stiffness 

features selection is further described in Section 2.1. 

The underlying concept of the methodology embraces that data uncertainty is 

common in rock mechanics problems, and focuses on differences in scenarios, 

rather than absolute values. Existing tools and extensions of them are combined 

in a simple manner to quantify the involvement of the geomechanical feature of 

interest in rock mass behaviour. The approach relies heavily upon numerical 

stress analysis, and uses such models as a laboratory to test hypotheses. The 

methodology is presented in the form of a flow chart in Figure 1. A series of 

decisions based on analysis results are made to identify if the feature 1) is not 

important, or 2) may be important to rock mass behaviour. 
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Figure 1 Methodology to determine if a geomechanical feature is important 

The heart of the methodology is designed with Einstein’s sentiment in mind: 

“It can scarcely be denied that the supreme goal of all theory is 

to make the irreducible basic elements as simple and as few as 

possible without having to surrender the adequate representation 

of a single datum of experience.” (Einstein, 1933) 

The proposed methodology to determine if a feature may contribute to rock 

mass behaviour is intentionally as simple as possible, but not simpler. 

Appropriate simplifications to both the modelling strategy and the analysis 

thereof are obligatory components of this methodology. Without these 

simplifications and an orderly strategy to evaluate the influence of components 

individually, the results may be ambiguous. 
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The methodology can be summarized in five steps: 

1. Complete the numerical stress analysis model without the stiffness 

feature, as simple as possible, but no simpler than necessary. This model 

is referred to as the base model. 

2. Using the same model geometry, include the stiffness feature and 

complete the stress analysis. This model is referred to as the test model. 

3. Calculate the induced stresses caused by the feature at comparable 

excavation stages in the model. 

4. If the feature results in induced stress, using continuum techniques 

evaluate the potential influence on yielding and possible slip along pre-

existing discontinuities by comparing results from the base and test 

model. 

5. Validate that the behaviour (yielding and/or slip) indicated by the models 

is realistic by comparing to observed data. Since most of the problems 

encountered in rock mechanics are inverse problems, positive results may 

help to enhance the confidence in the representation of the stiffness 

feature, as an independent check of the data.  

Falsibility is an important concept that must be considered during this analysis 

procedure. It is the concept that one can only disprove, rather than prove, that a 

hypothesis is true (Popper, 1959). The fundamental assumption is that if the 

stiffness feature of interest does not result in a change to the stress field, then 

the feature cannot be responsible for the behaviour. The hypothesis that the 

feature was important to rock mass behaviour was disproven. However, if the 

feature does result in a stress change, and does result in changes to yielding or 

which pre-existing discontinuities can slip, one still has not proven that the 

feature is important to rock mass behaviour. One has rather proven that the 

feature may be important to behaviour, but statistically and mechanically, other 

possibilities do exist which may be the main or partial cause. 

The individual components of the methodology are described in detail in the 

following sections, outlining recommendations regarding: 

1. selection of feature of interest (Section 2.1), 

2. selection of model characteristics (Section 2.2), 

3. evaluation of influence on the stress field (Section 2.3), 
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4. evaluation of the influence of the stiffness feature on rock mass yielding 

(Section 2.4), 

5. evaluation of the influence of the stiffness feature on slip of pre-existing 

discontinuities (Section 2.5), and 

6. validation of results (Section 2.6). 

2.1 Stiffness feature selection 

Any volumetric feature that may affect the stress field can be considered a 

stiffness feature, including excavations. Although commonly thought of as 

empty voids, it is equivalent to consider excavations as volumes of extremely 

low stiffness material. Due to this, alternative production scenarios are also 

suitable to evaluate using this methodology. Alternatively, stiffness features 

may be geological in nature, for example volumes of softer rock material. 

Currently, the methodology has been designed for use with volumetric features, 

those which have a distinct 3-D volume. This excludes the analysis of explicit 

discontinuities, despite that these elements also have stiffness properties. As 

this is a high-level analysis, focus is given to continuum features. However, 

non-continuum behaviour, such as slip along pre-existing discontinuities, is 

evaluated. 

2.2 Selection of model characteristics 

To evaluate each stiffness feature, the methodology proposes that one has two 

models, the base model (without the stiffness feature) and the test model (with 

the stiffness feature). Since the stress fields of these two models will be 

compared, it is recommended that the models share a common geometry. 

It is typical that geomechanical characteristics and expected behaviour provide 

the background information to select the modelling techniques. For example, a 

continuum model is appropriate for a heavily jointed rock mass. In addition to 

data that is commonly used to select modelling strategy, it is suggested that 

seismicity be included as an additional source of input data. The spatial and 

temporal patterns of seismicity and source parameters provides much 

information about how the rock mass is responding to stiffness features. 

The representation method of some forms of stiffness features is obvious, for 

example, excavations are best represented as voids. However, the representation 

of softer geological units is not necessarily as straightforward. Defining in situ 

material properties of lower stiffness units often is challenging, in combination 
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with initializing stresses appropriately in a numerical model. Representing 

lower stiffness units as voids eliminates these two issues, and provides a worst-

case scenario for evaluation. Stiffer geological units should be represented as 

accurately as possible, and particular attention should be paid to constitutive 

model selection if brittle behaviour is expected. 

2.3 Evaluation of induced stresses 

To determine if a stiffness feature influences the stress field, induced stress is 

calculated as: 

𝜎𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = 𝜎𝑡𝑒𝑠𝑡 𝑚𝑜𝑑𝑒𝑙 − 𝜎𝑏𝑎𝑠𝑒 𝑚𝑜𝑑𝑒𝑙 

This equation is valid provided that the two models represent the same instant 

in time, that is that the base and test models are at equivalent mining stages. 

This calculation needs to be applied throughout the model. For example, in a 

finite difference model, the induced stress for each individual zone would be 

calculated using the above equation. 

The cut-off value of induced stress that constitutes a significant influence on the 

stress field needs to be determined based on the case analysed. Evaluation of 

the influence on rock mass yielding and slip will aid in identifying if the 

changes in the stress field are significant, when there is uncertainty. 

2.4 Influence on rock mass yielding 

Provided that the stiffness feature resulted in a potentially significant change in 

the stress field, both the base and test models should be evaluated for rock mass 

yielding. When comparing the two models, changes in the location and extent 

of rock mass yielding indicate the degree of significance of the stiffness feature 

to this form of rock mass behaviour. 

Rock mass yielding can be evaluated through a variety of analyses including 

plastic yielding and evaluation of differential stress. As this type of analysis is a 

preliminary and exploratory one, both techniques are recommended to 

determine how the stiffness feature influences rock mass yielding. Diederichs 

(2000) illustrated that the ratio of the major principal stress (𝜎1) to the minor 

principal stress (𝜎3) multiplied by the intact unconfined compressive strength 

(𝜎𝐶) of the material can be used as a proxy for shear failure. 

 𝜎1 = 𝜎3 + 𝐾𝜎𝐶  
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The constant 𝐾 for brittle rocks is between 0.2 and 0.5 (Diederichs, 2000). This 

is likely site specific, and will have variation associated with scaling of intact 

UCS values to the rock mass. 

The use of contours of differential stress, which represent shear failure of the 

rock mass, are recommended to evaluate if the stiffness feature influences rock 

mass failure. A major benefit of this technique is that it is independent of 

constitutive model, thereby avoiding errors associated with constitutive model 

selection, available laboratory data, and scaling of data. 

While Diederichs’ criterion is designed as a proxy for crack initiation under 

loading, it is important to also consider the effect that the stiffness feature has 

upon plastic yield. Plastic yield provides additional and complementary 

information to the use of differential stress, including volumes that have failed 

in tension. 

2.5 Influence on slip 

Despite the clear link between discontinuities and seismicity, decisions 

regarding which discontinuities contribute to the seismic response of the rock 

mass at various scales are notoriously difficult. Indicators of which 

discontinuities may slip due to mining activities remain elusive. Additionally, 

prediction of whether slip will be seismic or aseismic is often problematic. 

Since slip on discontinuities is driven by stress, it is natural to evaluate this 

behaviour in a mining environment using numerical stress analysis. However, 

guidelines as to which discontinues to include in stress analysis models do not 

exist in the literature. 

The explicit inclusion of discontinuities in a model requires detailed data that is 

typically not available at the mine-scale. However, a simpler, existing tool can 

be used with continuum models to evaluate if a discontinuity can slip given the 

stress state: Excess Shear Stress (ESS) (Ryder, 1988). ESS is based on the 

Mohr-Coulomb slip condition for dynamic slip (assuming cohesion is non-

existent). It is calculated using the equation: 

𝐸𝑆𝑆 =  |𝜏| − 𝜇𝑑𝜎𝑛 (1) 

where 𝜏 is the shear stress along the discontinuity, 𝜇𝑑 is the dynamic coefficient 

of friction (usually taken to be 30°), and 𝜎𝑛 is the stress normal to the 
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discontinuity (Ryder, 1988). A positive value indicates that slip along the 

discontinuity is possible under dynamic conditions. 

ESS has been frequently used in the mining community with success to 

evaluate if slip will occur along discontinuities of a known orientation 

(Spottiswoode, 1988). Board (1994) calculated ESS on synthetic 

representations of mapped structures, and noted that discontinuity spacing, an 

integral parameter to synthetic representation of discontinuities, has a strong 

scale dependence. Rather than specify discontinuities as an a priori assumption, 

Perman et al. (2013) calculated ESS in a specific volume on planes with 10° 

intervals of strike and dip to evaluate the maximum possible seismic moment 

and major probable shear plane orientation for that event. It is suggested that 

this specific volume be a sphere in which the stress field is assumed constant. 

The use of Perman et al.'s (2013) technique to determine which orientations 

may experience slip combined with a comparison of mapped discontinuities in 

the area of interest successfully identified which discontinuities are important to 

mine-scale slip behaviour in the case study (Chapter 3). The methodology 

suggests that analysis for different production steps and a variety of evaluation 

points provides the basis for understanding how the mining activities influence 

the slip behaviour of discontinuities. A critical component of the methodology 

is the comparison of critical orientations of discontinuities (those that can slip if 

they exist) with mapped discontinuities, providing an efficient overview of 

which discontinuities may experience slip, and therefore may be seismically 

active. 

2.6  Validation 

In general, validation refers to the process of determining the degree to which 

the model is an accurate representation of the real world from the perspective of 

the intended use(s) (United States Coast Guard, 2006). For purposes of this 

paper, validation refers to the process of determining the degree to which the 

modelling results accurately represent the observed behaviour. The difficult, 

and yet important, task of result validation requires data which 1) was not 

directly used as input to the numerical models and 2) is specific to the problem 

at hand. For example, when evaluating if a stiffness feature influences seismic 

behaviour, such data may include temporal and spatial patterns seismic activity 

and associated parameters. 
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Data can be used both to help corroborate that the feature exists and is 

important to behaviour. Indicators of behaviour predicted in the test model 

assists with proving that the feature is important, that it exists and/or that the 

feature is modelled appropriately. Data that is independent from those used for 

model input is critical to distinguish if the base or test model better represents 

realistic behaviour. 

3 Application of the methodology 

3.1 Kiirunavaara Mine 

Luossavaara-Kiirunavaara AB’s (LKAB) Kiirunavaara Mine is a large, deep, 

sublevel caving mine located north of the Arctic Circle in Sweden. The current 

deepest mining level is Level 1051 m, which is approximately 820 m below 

ground surface. The initial stress field, originally calculated by Sandström 

(2003) and confirmed by Vatcher et al. (2014), at this depth prior to mining is: 

𝜎𝐸𝑊 = 30.3 𝑀𝑃𝑎 

𝜎𝑁𝑆 = 23.9 𝑀𝑃𝑎 

𝜎𝑍 = 23.0 𝑀𝑃𝑎 

The major principal stress is approximately perpendicular to the north-south 

striking, 5 km long orebody. The orebody ranges in width from just a few 

meters to over 100 m. The mine is sectioned perpendicular to strike into 

production blocks corresponding to the coordinates of the ore pass groups 

(Figure 2). Figure 2 also illustrates the analysis volume, Block 33/34, which is 

the focus of this analysis due to data availability. 
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Figure 2 Sketch of the deepest footwall infrastructure of the Kiirunavaara Mine. 

Numbered ore pass groups refer to their Y coordinate, which corresponds to 

the name of the production block. The analysis volume (Block 33/34) is 

highlighted. Modified from LKAB. 

Similar to many deep mines in hard rock, the Kiirunavaara Mine is seismically 

active and experiences ground falls. These behaviours are spatially and 

temporally unevenly distributed. Vatcher et al. (2017) identified and discussed 

spatial and temporal patterns of ground falls at the Kiirunavaara Mine. No 

standardized procedures exist in the literature exists concerning the analysis of 

spatial and temporal patterns of seismicity, however. 

It is widely accepted that high S- to P-wave ratios (Es/Ep) indicate slip events, 

rather than crack initiation. Results of the Es/Ep ratios of events at the 

Kiirunavaara Mine were inconclusive; inconsistencies exist within the current 

form of the database throughout time that cannot be physically explained. 

Figure 3 shows a temporal plot of the percent of events per day which were slip 

(Es/Ep ≥ 8) between Y27 to Y44 from 2009 until October 2016. The two 

periods of time which have distinctly fewer shear events (November 2012 to 

April 2013, and May 2015 to October 2016) cannot be correlated to any known 

features of the geomechanical environment nor of production. Conclusions 

about how many events are slip events cannot currently be drawn. To date, 

efforts to cluster seismic events at the mine to identify responsible geological 

structures have been mostly unsuccessful, with the exception of that found in 

Sjöberg et al. (2012), which was verified during underground mapping. 
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Figure 3 Temporal plots of the daily percent of events inside the analysis volume (Y27 

to Y44) which are shear events (Es/Ep ≥ 8). Each square represents one day, 

where the columns are weeks in each year. Events presented have local 

magnitudes are above the magnitude of completeness. 
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Despite targeted mapping campaigns, such as Berglund and Andersson (2013), 

large scale faults which could be the cause of this seismicity have not been 

identified underground. However, these campaigns in combination with routine 

underground mapping and targeted geomechanical core logging have resulted 

in the identification of at least two geomechanical features that may be 

important to rock mass behaviour. 3-D domains based on discontinuities were 

presented in Vatcher et al. (2016). The results indicated that the joint sets were 

less distinct in the southern portion of the orebody than in the northern portion. 

Discontinuities are usually unfilled. Steeply dipping discontinuities striking 

approximately ore parallel (approximately north south) often undulate on the 

scale of meters and have smooth, glossy, hematite coated surfaces (examples 

shown in Figure 4). Many of these discontinuities exhibit slickenslides, which 

indicates previous movement sub-parallel to the strike of the orebody. These 

discontinuities exist in the footwall and orebody, and are particularly 

concentrated around the footwall contact. Information about their spacing and 

length is not currently available. Discontinuities that strike across the orebody 

(approximately east west) tend to have some chlorite alteration on the surface, 

and are much rougher than the hematite coated discontinuities (Berglund and 

Andersson, 2013). 
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a) 

 
b) 

 

c)

 
Figure 4 Examples of the hematite coated joints that strike approximately sub-

parallel to the orebody (north-south), with near views of example joint 

surfaces in b) and c). 

As identified by Vatcher et al. (2016), a feature of potential interest is clay 

alteration, both in the form of volumes (Figure 5 a), some of which span tens of 

meters, as well as infilling of discontinuities (Figure 5 b). Vatcher et al. (2016) 

developed a 3-dimensional model of volumes of higher clay concentration 

based on drill core data, which was calibrated over a specific volume (between 

Y27 and Y44, Level 1022 m to Level 1108 m) with detailed underground 

mapping that was completed by Berglund and Andersson (2013). Presently, it is 
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unclear which, if any, of these volumes of alteration contribute to rock mass 

behaviour. It is this feature, the volumes of higher concentration of clay 

alteration, that will be tested using the proposed methodology. As the clay 

model is calibrated in a specific volume in the middle to southern portion of the 

orebody, this volume will be the focus of the analysis in this paper, referred to 

as the analysis volume. 

a)

 

b) 

 
Figure 5 Examples of clay alteration found at the Kiirunavaara Mine. a) A clump of 

clay material which easily crumbles in the hand, and b) clay alteration in a 

discontinuity. 

3.2 Modelling approach 

Three dimensional (3-D) numerical stress analysis models were used for the 

application of this methodology, as it has been shown that the mine-scale stress 

field at the Kiirunavaara Mine is dependent upon the 3-D orebody geometry. 

(Vatcher, 2015) The model from Vatcher et al. (2014) was adapted to Itasca’s 

FLAC3D program (Itasca CG, 2016). The zoning of the FLAC3D model was 

denser in the analysis volume than in previous models, and the geometry of the 

clay model has been included. 

The area of interest for the model is constrained by data availability. In the 

analysis volume the edges of the zones are no more than 5 m long. Zone size 

gradually increased further away from this volume. 

As stipulated by the methodology, the model is a continuum. Other than the 

stiffness feature of interest, materials represented in the models include 

footwall, orebody, and hangingwall. The rock mass at the mine experiences 

seismicity that is widely spread, with a significant number of events that have 

shear source indicators (Es/Ep ≥ 8 (ISS International, 2006)). This in 

combination with the analysis volume being a volume that is expected to 
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experience small strain and high confinement, led to the selection of a perfectly 

plastic material model. 

The stress state was calculated after extraction of each mining level in the 

analysis volume (Block 33/34) from 2008 and onwards, with an additional 

stress state calculated at the end of 2013. The year 2008 was the starting point 

since it is when the seismic system came online. 2013 was selected as an 

additional stage due to availability of stress measurements at that time. The 

smallest excavation unit in the model was one production block for each level. 

Prior to 2016, excavations for all blocks in the model followed actual 

production in the mine. Beyond 2016, only Block 33/34 was excavated. Due to 

the orientation of the major principal stress (perpendicular to the strike of the 

ore), excavations outside of the analysis volume will not significantly influence 

the stress state in the volume. The cave caused by the mining method was not 

explicitly represented in the model; material in the hangingwall was not 

excavated nor strength reduced. It is not anticipated that this simplification will 

significantly influence the stresses in the volume of interest (near active 

production and on the footwall side). 

Two cases of this model were completed, one with (test model) and without 

(base model) the clay volumes. In the test model, the volumes of high clay 

concentration were represented as voids. This is a worst-case representation, as 

some of the clay volumes may have the ability to transfer stresses. By using the 

worst-case representation, this model will provide a distinct answer whether the 

clay zones may influence rock mass behaviour, rather than one that is 

dependent upon selection of material properties. This approach is particularly 

convenient in avoiding issues with initializing stresses in the low-stiffness 

volumes and surrounding rock, as well as determining properties for the clay 

volumes in situ. In the test model, the clay volumes were removed before 

production volumes were extracted. 

The models were evaluated upon multiple planes throughout the analysis 

volume, after completion of each production level in the analysis volume. 

Select and representative results are presented in the following sections to 

highlight the important findings. All results are presented in mine coordinates. 



Paper V: 17 of 29 

3.3 Stresses induced by clay volumes 

Induced stress caused by the clay volumes were calculated using the test and 

base models for specific instances during production. The clay volumes resulted 

in induced stresses in volumes beyond the immediate locality of the clay zones, 

extending into production and infrastructure areas. 

Maximum and minimum principal induced stresses are plotted one level below 

active production in Figure 6. Evident in Figure 6 a), the major principal 

induced stress is compressive and extends into the rock mass. While the larger 

clay zones create a larger effect than the smaller clay zones, the smaller clay 

zones still have an influence on the large-scale stress pattern. Small clay zones, 

seen in near the middle of Figure 6 a), interact with and extend the induced 

stresses from the larger clay volumes. When small clay volumes are absent (the 

southern area seen in Figure 6 a), the induced stress field is not extended. The 

shapes of the induced maximum and minimum principal stresses around the 

clay volumes are as expected considering the pre-mining principal stress 

magnitudes and orientations. 
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a) 

 
 

b) 

 
Figure 6 Plan view of induced stressed on Level 1051 m caused by clay rich volumes, 

excavated Level 1022 m. a) Major principal induced stress greater than 

10 MPa compression shown, and b) minor principal induced stress less than 

10 MPa tension shown. The labelled vertical planes are presented for results 

in following figures. 

An example of induced stress along a vertical plane perpendicular to the 

orebody at Y29 (to the north of the large clay zone at Y30) is shown in 

Figure 7. Along this plane extending beyond the depth of the analysis volume 

there is a significant increase in compressive stresses caused by the clay rich 

volumes. Analysis of the induced stresses at the scale of interest has shown that 

the clay volumes are a potentially significant feature, and evaluation should 

continue. 
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a) 

 

 

b)  

 

 

Figure 7 Induced stresses on vertical plane (Plane 1 in Figure 6) at Y29 with strike 

98°N (perpendicular to the orebody at this location) caused by clay rich 

volumes, excavated Level 1022 m. a) Major principal induced stress greater 

than 10 MPa compression shown, and b) minor principal induced stress less 

than 10 MPa tension shown. 
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3.4 Effect on rock mass damage 

Comparison of the base and test models showed that the presence of clay likely 

influences the behaviour. The location of plasticity was not significantly 

affected by the presence of clay (Figure 8 c and d). However, the differential 

stresses increased in the presence of clay volumes (Figure 8 a and b). This 

indicates that the volume that has already experienced seismicity (the volume 

that has reached plastic yield), is not strongly influenced by the presence of 

clay. However, the seismically active volume defined by the expanded volume 

of high differential stresses surrounding this previously failed material is 

expanded in the presence of clay. The clay volumes result in a larger volume of 

rock mass that is likely seismically active, and this seismically active volume 

often extends into long-term mine infrastructure (such as the footwall access 

drifts).  
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a) Base model 

 

b) Test model 

 

 

 

c) Base model 

 

d) Test model 

 
Figure 8 Differential stresses a) without clay and b) with clay. Plastic yield a) without 

clay and b) with clay. Results shown after mining Level 1079 m along a 

vertical plane perpendicular to the orebody strike at this location (67°N, 

Plane 2 in Figure 6) where the least influence of the clay volumes is expected 

(Y34.14, X = 6481 m). 

3.5 Effect on slip potential 

The database of mapped discontinuities at the Kiirunavaara Mine is extensive. 

However, it is unknown which of these discontinuities are important to mine-

scale rock mass behaviour. 

ESS was calculated for a variety of evaluation points in the base and test 

models inside of the analysis volume. The evaluation points were located along 

the line on Level 1079 m in Figure 8, the upcoming production level in the area. 

This line is located inside of the calibration volume in an area that is least 

influenced by clay. ESS was evaluated at points during multiple production 
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stages; as production levels approached, were on the same level, and passed 

Level 1079 m. The planes with positive ESS values were plotted on lower-

hemisphere equal area stereonets, in combination with the mapped structures. 

Their intersection indicates structures that have the potential to affect rock mass 

behaviour. 

Results indicated that the clay zones influenced slip potential, in particular 

when the evaluation points experienced mining induced compression. When 

production was two levels above the evaluation point at the footwall contact, 

slip for some orientations of discontinuities was possible when clay was 

represented in the model (Figure 9 b). However, slip was not possible in the 

base model (Figure 9 a). As production neared and passed the evaluation point, 

the presence of clay became less significant to slip potential, but the number of 

discontinuities with orientations that could experience slip increased 

significantly (Figure 10). Due to the near proximity of the footwall 

infrastructure in this area, results were similar at the location of the footwall 

access drift. 

a) Base model b) Test model 

  
Figure 9 Mapped discontinuities (poles and Fischer concentrations in grey scale) 

overlaid with orientations which may slip (poles, red shaded) from the ESS 

analysis for the footwall contact at Level 1079 m. Production is two levels 

above the analysis point (Level 1022 m). Slip is not possible in the model 

without clay (a), and slip is possible in the model with clay (b). Orientations 

are presented in mine coordinates. 
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Figure 10 Mapped discontinuities (poles and Fischer concentrations in grey scale) 

overlaid with orientations which may slip (red shaded) from the ESS 

analysis at the footwall access drift on Level 1079 m (Y34.24, 

X = 6458.42 m). Production is two levels below the analysis point 

(Level 1137 m). Orientations are presented in mine coordinates. 

3.6 Validation 

The numerical models indicate that these clays zones have the potential to 

influence the mine scale distribution of stresses, and therefore rock mass 

behaviour. One form of validation of both the existence of clay volumes as well 

as the numerical stress analysis results is an evaluation of observed rock mass 

behaviour that would be consistent with such stress changes. 
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The location of seismic events inside the analysis volume was strongly 

correlated to position of the clay volumes. Of all recorded events which have 

occurred inside of the analysis volume, 88% were located outside of the clay 

volumes, 11% were located in or out of the clay volumes (within the 20 m 

maximum location error of the seismic network), and 1% were located inside of 

a clay volume, see Figure 10. 

a) 

 
b) 

 
 
Figure 11 a) Histogram showing the number of recorded seismic events located 

outside, inside or outside, and inside of the clay zones. b) 3-D view of the clay 

volumes with the recorded seismic events. 
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Vatcher et al. (2016) found that ground falls (with available location data in the 

database) concentrated in the rock mass between the clay volumes. Based on 

the more in-depth analysis presented by Vatcher et al. (2017), the majority of 

these ground falls were related to seismic activity and stresses, in the possible 

forms of strainbursts, rockbursts, and shakedown of broken material. With the 

understanding that the clay volumes induce stress changes with resulting 

differential stresses that are large enough to begin crack initiation below 

production, the majority of seismic events in the area are likely a result of 

fracturing of the rock mass and shakedown of broken material. 

These behaviours support 1) the clay model, and 2) the numerical stress 

analysis results. This analysis leads to the new proposal of failure mechanisms 

at the mine, in which the clay zones concentrate the stresses in advance of 

mining. As production approaches the clay volumes, this stress concentration is 

amplified resulting in a larger volume with increased major principal stress and 

therefore large differential stresses. These differential stresses initiate cracks, 

with a portion of the energy released seismically. Few of the mapped structures 

have the potential to slip whilst they are below the production front. However, 

once level or above the production front, many mapped structures in the 

footwall have the potential to slip, which may also contribute to seismicity. 

3.7 Importance of clay volumes to rock mass behaviour 

Clay volumes have shown to be of potentially great importance to rock mass 

behaviour at the Kiirunavaara Mine. Volumes of greater clay alteration resulted 

in a concentration of stresses in the intact rock. This resulted in an extended 

volume of high differential stress under production, with extension into areas 

with some footwall infrastructure. This equates to larger volumes that are more 

likely to be seismically active due to crack initiation. Slip initiated earlier in the 

presence of clay (approximately 2 levels below current production rather than 3 

levels). However, relatively few mapped discontinuities had slip potential at 

this point. As mining approached and passed the evaluation point, many more 

mapped discontinuities had the potential to slip. This is associated with 

unclamping and rotation of the stress field in the footwall as mining passes. 

The rock mass behaviour supports the results that the clay volumes are 

important to mine scale rock mass behaviour. As expected from these results, 

seismicity was distinctly concentrated in the rock mass separating the clay rich 

volumes.  
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4 Discussion 

For the given case, the methodology enabled the successful development of an 

understanding of the importance of the clay features modelled by Vatcher et al. 

(2016). This is a critical step forward in the understanding of rock mass 

behaviour at the Kiirunavaara Mine. 

The methodology provided a robust and clear way to evaluate if a 

geomechanical feature has the potential to influence rock mass behaviour. The 

simplicity of the methodology was a critical aspect in its success, such as the 

ability to avoid building a complex geological model with explicit fractures and 

incorporating them into the numerical stress analysis model. The technique 

provides a good initial point to begin exploring if geomechanical features may 

be of importance, but is certainly not the end of required analysis at most sites. 

The authors suggest that this methodology helps define a path forward for more 

advanced analysis in the future. 

The methodology is not without flaws, mostly associated with the simplicity of 

the approach. Complexity associated with interaction of system components, 

such as the interconnectivity of discontinuities, is not accounted for. The yet 

unsolved problem of falsibilty remains. The methodology can only provide a 

concrete answer that a feature does not affect rock mass behaviour, but cannot 

determine if that feature is the only one that may be producing the actual rock 

mass behaviour. Validation attempts to overcome this issue through logical 

reasoning, but its continued existence is an important consideration in rock 

mechanics. Additionally, in the case presented, the representation of the clay 

volumes in the models was extreme (modelled as voids) and may not be 

representative of the actual stress changes caused by the feature.  

As with any investigative techniques, it is important to consider what a negative 

result means. If the analysis shows that the feature analyzed is not significant to 

the rock mass behaviour, it can mean: 

• the feature is not related to the rock mass behaviour given the analysed 

conditions, 

• the model did not capture the feature’s influence appropriately (for 

example a continuum, heterogeneous material with the selected 

constitutive model was inappropriate), or 
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• the behaviour is a result of a combination of features, rather than the 

single feature evaluated. 

Distinguishing between these underlying causes of the negative results may be 

difficult and rely upon the investigator’s expertise and experience. 

An integral component to this methodology was reliable input and validation 

data. Significant resources from multiples parties were required to obtain the 

necessary input data to use during this analysis. The development of hypotheses 

of causes of rock mass behaviour is not a trivial task, nor are the associated 

analyses, but both require adequate data and understanding thereof. Although 

this methodology assists with clarifying which data sets need to be 

supplemented and strongly considered in the future, the need for initial data is 

not eliminated. 

5 Conclusion 

With its intentional robustness and simplicity, the proposed methodology to 

evaluate if a geomechanical feature may contribute to rock mass behaviour was 

successfully applied to an operating mine. This methodology enabled the 

development of a new understanding of rock mass behaviour and failure 

mechanisms at the mine. The methodology illuminated that the feature 

evaluated is important to mine-scale rock mass behaviour, and has contributed 

to a path forward at the Kiirunavaara Mine for data collection and rock 

mechanics investigations. 

The methodology offers promise in determining if a geomechanical feature is 

important to rock mass behaviour. The information provided by using this 

analysis can assist engineers to better understand the geomechanical 

components of the rock mass and failure mechanisms. The methodology was 

designed to identify the importance of clay volumes as a stiffness feature, but 

this methodology could be adapted to study other geomechanical features as 

well. Although certainly not the final point for rock mechanics investigations at 

any site, this methodology has the potential to motivate a clear path forward for 

both data collection and future, more in-depth analyses.  
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Abstract 

In rock mechanics analyses, data quality and quantity are paramount. However, 

difficulties building 3-D geomechanical models are often due to insufficient 

data and coverage. Efficient, reliable, and economical data acquisition 

techniques are required that provide volumetric information about the 

geomechanical characteristics of the rock mass. There is potential that the 

velocity structure of the rock mass, created by tomographic techniques, can be 

used in such a manner. Velocity models of the Kiirunavaara Mine in northern 

Sweden, created by other researchers using passive tomography, were 

compared to a previously developed 3-D geomechanical model of the mine. 

Consideration was given to evaluating the precision of the tomographic models, 

using knowledge of the production and expected changes in the rock mass. 

Results showed 1) no correlated between the 3-D models of velocity structure 

and rock quality designation (RQD), and 2) possible correlation between the 

tomographic models and clay altered volumes. These results may highlight 

issues arising due to scaling of geomechanical characterization data beyond the 

intended scale of use, rather than no correlation between the joint frequency and 

velocity structure of the rock mass. Velocity tomography may be a technique to 

identify volumetric geomechanical characteristics, but more research is 

required. 

Keywords 

Geomechanical environment, velocity tomography, velocity structure, rock 

mass properties 
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1 Introduction 

Good quality geomechanics data is as hard to come by in mining engineering as 

it is to find a geomechanics report that does not recommend more data 

collection. There is wide acceptance of the fact that data is integral to our 

understanding of the rock mass. An even higher value is placed on data that can 

be obtained and used in advance of drifting. 

Unfortunately, our current methods of data acquisition limit quality and 

usefulness. The most commonly available data before drifting consists of drill 

core mapping. Boreholes are often few and far between due to their costs, with 

their spacing often too wide for accurate interpolation of geomechanical 

characteristics. Additionally, core mapping involves significant resources, and 

it is not necessarily clear what information is useful. After drifting, mapping of 

limited faces is possible, but building a 3-D model of this data can be difficult 

due to poor spatial coverage. 

Additional data acquisition techniques are needed. Those who work in rock 

mechanics dream about methods that are non-invasive, inexpensive, robust, and 

reliable. Approaches that can provide information about the geomechanical 

characteristics of the rock mass as soon as possible enable timely, risk 

mitigating design. 

It is with this in mind that correlations between velocity tomography and 

geomechanical characteristics are explored. Tomographic velocity models are 

based on seismic wave travel times within a seismic monitoring sensor array. 

These techniques have been used extensively and successfully in the Earth 

Sciences to map characteristics of the Earth at great depths, for example the 

identification of the Mohorovicic Discontinuity (Moho), see Rawlinson et al. 

(2010) for a description of the history of tomographic techniques. To a lesser 

extent, these techniques have been applied in the mining environment, which is 

at a much smaller scale, where correlations between velocities and i) 

geomechanical characteristics of the rock mass (Cai et al., 2014; Hemmati 

Nourani et al., 2017; Watanabe and Sassa, 1996), and ii) stress anomalies (Cao 

et al., 2015; Friedel et al., 1995, 1997; He et al., 2011; Hosseini et al., 2013; 

Krauß et al., 2014; Luxbacher et al., 2008; Ma et al., 2016; Young and 

Maxwell, 1992) are evaluated. Much of this work was conducted in soft rock 

environments (coal mines). A general consensus about the usefulness of 

tomography in hard rock environments is not yet exhibited in the literature. 
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The intention of this technical note is to present the evaluation of possible 

correlations between the velocity models created by Lund et al. (2017) and the 

geomechanical model created by Vatcher et al. (2016) for the Luossavaara-

Kiirunavaara AB (LKAB) Kiirunavaara Mine, Sweden. If such correlations 

exist, tomography is a relatively inexpensive exploration method that may 

provide insight into the characteristics of the rock mass. 

A brief background on the two input data sources is given, followed by the 

grid-based statistical analysis required to understand the data and their potential 

correlation. Results are discussed with focus on the potential and limitations of 

tomographic data for rock mass characterization at the Kiirunavaara Mine. 

Concluding remarks are offered, which expand the results to a broader range of 

geological settings. 

2 Background and methodology 

The Kiirunavaara Mine uses sublevel caving to produce approximately 

28 million tonnes of iron ore per annum. It has been seismically active since 

2008 due to the depth and volume of excavation. More information about the 

onset of seismicity is described by Dahnér et al. (2012). 

A three-dimensional (3-D) geomechanical model was developed by Vatcher et 

al. (2016) based on statistical and spatial analysis of available data. This model 

showed that the geomechanical setting of the Kiirunavaara Mine is markedly 

different compared to a typical hard rock underground mine. In particular, there 

is significant clay alteration in the volume analysed, in the form of large 

contiguous volumes, lenses, and joint filling. The clay model has been 

calibrated over a specific volume in the mine (in mine coordinates, 

approximately Y28 through Y44 (1600 m long) from Level 1022 m to Level 

1165 m (140 m deep)). The block model of Rock Quality Designation (RQD) 

created by Vatcher et al. (2016) using inverse distance showed a halo of 

reduced values in the intact rock surrounding the clay volumes. The resolution 

of this model is 60 m, and it spans almost the entire mine. 

Lund et al. (2017) created passive tomography models using the available 

seismic data at the mine. Models of P- and S-wave velocities were created for 

the individual years 2013, 2014, and 2015. The models are in the form of 

gridded data points where the cell size is 10 x 10 x 10 m in the cardinal 

directions of the mine. A large portion of these models have a maximum 
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resolution of 60 m, i.e. features with dimensions less than this are poorly 

resolved. Data points that had a coarser resolution were not used in this 

analysis. The model spans over a specific volume in the mine (in mine 

coordinates, approximately Y25 to Y43 (1800 m long), between x-coordinates 

5800 m and 6800 m (1000 m wide), and between z-coordinates of 675 m to 

1445 m (770 m deep)), which is partially covered by the clay and RQD models. 

The analysis presented in this technical note relies on the assumption that the 

stress changes in the volume covered by the tomographic model result in 

negligible changes to the velocities. Based on previous numerical modelling 

results, for example Vatcher et al. (2014; 2017), this is considered to be an 

appropriate assumption for the time periods studied. Due to the size of the 

mine, production progresses slowly in a vertical direction. Only two new levels 

were opened between 2013 and 2015 in this volume. In addition, the number of 

tomographic data points located in volumes that should experience stress 

changes due to production are few compared to the remaining data points. 

Velocity changes between the three tomographic models caused by stress 

changes are thus not expected. Only data points that have data for all years were 

included in this analysis. 

Due to this assumption, for purposes of this analysis velocity changes for each 

data point between the three annual models are considered to represent the 

inherent error 1) in the underlying data, and 2) caused by the tomographic 

model building process, which are commonly referred to as artifacts. Passive 

tomography relies upon repetition of wave paths. However, since it is passive, 

there is no control over the source location or which sensors are used to identify 

the events. Wave travelpaths may significantly alter between the years. This has 

the potential to result in differences in the tomographic models, which for 

purposes of this analysis, represent the precision of the tomographic models. 

Since this analysis is comparative, accuracy is of less concern. 

This analysis begins by evaluating how the tomographic models change 

between 2013 and 2015. Through an understanding of model error, one gains 

perspective on the statistical significance of velocity changes. The individual 

tomographic models are then compared to the two viable components of the 

geomechanical model: 1) RQD, and 2) the clay volumes. Analysis was 

completed for both P- and S- wave velocities. 
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3 Results 

3.1 Tomographic model precision and error statistics 

The distributions of the differences between each data point for every year for 

both the P- and S-wave velocities were approximately centered around 0 m/s 

(Figure 1), meaning that the majority of data points in the model change very 

little throughout time (high precision). A statistical description of these 

distributions is presented in Table 1. These distributions represent errors 

associated with the data and the tomographic modelling, thereby giving a basis 

to identify if correlations between the velocity models and the geomechanical 

model are significant. No spatial patterns in the differences data were identified 

via visual analysis. 

a) 

 

b) 

 
Figure 1 Histograms of the differences in a) P-wave velocity and b) S wave velocity 

between the time periods. The dark distributions represent the difference 

between the 2014 and 2013 models, and light distributions represent the 

difference between the 2015 and the 2014 models. 

Table 1 Statistical properties of the differences in velocities between the 2013, 2014 

and 2015 tomographic models. 

 Differences in P-wave velocity 

(m/s) 

Differences in S-wave velocity 

(m/s) 

 µ σ 2σ µ σ 2σ 

2014 – 2013 -61.6 207 415 -18.8 106 213 

2015 – 2014  12.1 229 458 - 3.5 118 237 

Average -24.7 218 436 -11.1 112 225 
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3.2 RQD 

The velocity models did not show any correlation with the RQD model. An 

example of this is shown in Figure 2, with the P-wave velocities in the 2014 

tomographic model compared to the nearest RQD data point. The passive 

tomography results do not signify changes in the up-scaled measure of core 

fracture (RQD block model). 

 

Figure 2 RQD versus 2014 P-wave velocity. 

3.3 Clay 

Identification of clay volumes via tomographic data, however, shows more 

promise. The average velocities inside and outside of the clay model are 

presented in Table 2. In general, the differences between the S-wave velocities 

in and outside of the clay volumes are approximately within one standard 

deviation of the calculated error of the models. Therefore, the differences of the 

S-wave velocities inside and outside of the clay are not statistically significant. 

The P-wave velocity shows a difference between inside and outside of the clay 

closer to two standard deviations. P-wave velocity from these tomographic 

models may thus be an indicator of clay volumes. 
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Table 2  Velocities in and outside of clay volumes. 

 Tomo-

graphy 

model 

Inside 

clay, 

Mean 

velocity 

[m/s] 

Outside 

clay, 

Mean 

velocity 

[m/s] 

Difference in 

mean velocity, 

outside - inside 

clay 

[m/s] 

Difference in 

mean velocity / 

average 

standard 

deviation 

P-wave 

velocity 

2013 5520 5090 -432 1.8 

2014 5470 5100 -375 1.6 

2015 5510 5010 -498 2.1 

S wave 

velocity 

2013 3110 3260 144 1.1 

2014 3100 3280 180 1.4 

2015 3100 3230 128 1.0 

4 Discussion 

The P-wave velocities showed possible correlation with extremely weak/soft 

geomechanical units. There is a very large stiffness differential between the 

clay volumes and the surrounding rock mass. It remains unclear if tomography 

can be used to identify the boundaries of geomechanical units with smaller 

stiffness differentials. 

Other evaluated geomechanical characteristics were not identified using these 

tomographic models. It is important to note that these results are strongly 

dependent upon the used data sets. These results are only valid at Kiirunavaara 

Mine with the specific data sets, and the use of tomographic data to identify 

geomechanical characteristics has not been disproven. The specific tomographic 

and geomechanical models used in this analysis have some potential limitations 

that may influence the results, including: 

• The passive tomography had a maximum resolution of 60 m. 

Identification of any features smaller than this scale was not possible. 

Active source tomography may result in increased resolution, at a scale 

corresponding to identifiable geomechanical and/or mining features. 

• The RQD model had a resolution of 60 m, but it worth considering if 

geostatistical treatment of such data is of much geomechanical use. 

Although variograms showed that RQD data was correlated in space, 

RQD is designed for evaluation at the core scale to be used for design in 

the drift scale. The upscaling of RQD data associated with such 



Paper VI: 8 of 11 

geostatistical techniques may not be suitable to represent the large-scale 

changes in the rock mass identified by the tomography models of the 

Kiirunavaara mine, although an upper limit to this upscaling has not been 

determined. Issues with upscaling of standard geomechanical 

characterization data, which is most often designed for use at the drift 

scale, may be why there was a lack of correlation between the 

tomography model and the RQD model. This result may applicable to 

other large mines. 

• S-wave velocities not showing a significant correlation with clay may be 

a natural result of the tomographic model. S-wave arrival times are often 

much more complicated and difficult to identify than P-wave arrival 

times. Therefore, the S-wave tomographic model is expected to have 

larger variation than the P-wave model, making it more challenging to 

identify geomechanical features. 

As previously mentioned, this analysis evaluated precision of these 

tomographic models rather than accuracy. This worked well for comparative 

purposes, but to assess the other major benefit of tomographic models, event 

relocation using the 3-D velocity model from tomography, an analysis of 

accuracy is required. 

Limited visibility of drifts in the tomographic model is expected due to the 

drifts having a smaller size than the resolution of the tomographic models. 

Stopes and caved material are notably larger than the drifts, and may have a 

resolution compatible with tomography provided the coverage of the 

tomographic models is possible in those volumes. Although it was expected that 

the caved material would be identifiable by tomographic imaging, even where 

there was relatively good seismic network coverage near the production front, 

no differences in velocity were visually observed. Additional work on this is 

required. 

5 Concluding remarks 

The possible correlation between the P-wave velocities and the clay model 

offers promise for the future use of tomographic data and models in mining 

environments, in addition to the obvious benefits of improved event locations. 

The lack of correlation between S-wave velocities and the clay model, and the 

tomographic models and the RQD model illustrate that in their current form, 
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these tomographic models are not appropriate to be used alone to 

geomechanically characterise the rock mass. The need for additional and 

separate data sources to evaluate and interpret tomographic models is clear. 

The analysis of the data derived from different scales has highlighted a potential 

limitation of conventional rock mass characterization techniques when applying 

them to very large scale, such as that of the Kiirunavaara Mine. It is clear that 

large-scale techniques to identify volumetric characteristics of rock masses are 

required in the field of rock mechanics. Passive tomography may be a technique 

that is capable of identifying these volumes within the large-scale rock mass 

that affect the stress field and resulting rock mass behaviour. 
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