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Abstract 

This thesis is based on a case study of the Kiirunavaara sublevel cave (SLC) mine. 
It focuses on footwall stability and damage development in the mining 
infrastructure on mine scale. Damage to the infrastructure is mappable for the full 
height of the footwall by access through decommissioned infrastructure associated 
with earlier mining stages. Damages range from pure structurally controlled 
failures (wedge failures) in the upper part of the footwall to fracture growth 
through intact rock combined with micro-seismic emissions at the active mining 
depth.  

The thesis addresses four distinct research questions;  

(i) What are the predominant failure mechanisms for the Kiirunavaara footwall? 
(ii) What is the role of confinement on the damage development in the footwall? 
(iii) How does the SLC relate to the footwall damage development?  
(iv) How can infrastructure damage associated to the future mining be estimated 
using currently available data? 

Two sets of calibrated numerical models were used to study the damage 
evolution processes using damage mapping data as the main calibration 
parameter. Validation of the models was achieved by correlation of model output 
to micro-seismic locations. The modelling and damage mapping results were 
used as the basis for the development of a simple prognosis tool for estimating the 
ultimate extent of infrastructure damage associated to the mining advance for 
future mining steps.  

A literature review on slope failure modes, large scale failures in cave mining and 
failure tracking using micro-seismic locations is included to provide background 
and definitions. The literature describes principal failure modes as well as 
mechanism combinations such as structurally controlled failures initiated by deep 
seated rock mass failures or relaxation. Cases are presented where previously 
stable structures become destabilised by cave advance and examples where 
micro-seismic recordings were used to track deformations and the initiation and 
growth of newly formed fractures.  

The Kiirunavaara SLC mine is presented in detail as the main case study of the 
work. The mine has been in operation since the early 20th century with a 
transition to underground operation over 50 years ago. The extent of the 
orebody is 4 km in length with an average width of 80-90 m, the termination at 
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depth has yet to be determined. The orebody has an average dip of 60  east and a 
dip-along-strike to the north. Both the footwall and hangingwall rock masses are 
considered hard and competent with UCS values for the footwall ranging from 
ca. 130 MPa to extreme cases of 600 MPa. The ore is mined in production 
blocks about 400 m wide (along strike). Mining of the northernmost blocks, 
situated in the Lake ore, did not start as open pit operations but has been accessed 
from the underground via SLC only.  

The instabilities in the footwall has been addressed by several research studies in 
the past, with the predominant failure mechanisms in different studies being 
suggested as large scale tensile failure, complex wedge failure, or rotational shear 
failure, i.e., some type of principal slope failure.  

In this work, conceptual numerical models in UDEC were calibrated to fit 
underground damage mapping data by tracking numerical shear strain 
concentrations. The conceptual models suggested rock mass damage without the 
indications of development of large scale slope failure mechanisms such as shear 
bands. Mine scale PFC models were calibrated with respect to the rock mass 
strength parameters derived by the conceptual UDEC models and used to study 
rock mass fracturing in the absence of large scale failure. It is shown that damage 
to the rock mass occurs mainly close to the active mining in a seismically active 
zone. This is suggested to weaken and soften the rock mass to allow the 
development of infrastructure damage in this volume to occur as the rock mass 
relaxes when entering the stress shadow of the SLC as mining progresses.  

The damage to the rock mass at the production depth is argued, based on seismic 
records and a parametric study in UDEC, to constitute of large quantities of local 
shear failures coalescing to appear as a large scale step-path or rotational shear 
failure in mapping records. The extent of the associated infrastructure damage is 
predicated to be limited by the extent of the damaged rock mass zone. A simple 
bi-linear equation is suggested using ore-width and mining depth as input to 
estimate the ultimate extent of the damaged zone for each mining stage and thus 
the limit of later infrastructure damage development.  

The thesis is concluded with recommendations for future work and potential for 
continued research.  
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Sammanfattning 
Denna avhandling baseras på en fallstudie av skivrasgruvan Kiirunavaara. Fokus 
ligger på liggväggstabilitet och skadeutveckling på gruvans infrastruktur i 
gruvskala. Infrastrukturskador kan karteras längs med hela liggväggens höjd där 
tillgång till bergmassan ges via urdrifttagna ortar och ramper drivna i samband 
med tidigare brytningssteg. Dokumenterade skador varierar med djupet – från 
strukturstyrda brott i den övre delen av liggväggen till ny sprickbildning genom 
intakt berg kombinerat med mikro-seismik vid nuvarande brytningsdjup.  

Fyra distinkta forskningsfrågor avhandlas; 

(i) Vilka är de dominerande brottsmekanismerna i Kiirunavaaras liggvägg? 
(ii) Vilken roll spelar inspänning för brottsutvecklingen i liggväggen? 
(iii) På vilket sätt relateras skivrasbrytningen till brottsutvecklingen? 
(iv) Hur kan skador på gruvans infrastruktur kopplat till framtida brytningssteg 
uppskattas med data tillgängliga idag?  

Två omgångar med kalibrerade numeriska modeller togs fram för att studera 
skadeutvecklingen i liggväggen med skadekarteringsdata som primär 
kalibreringsparameter. Validering av modellerna uppnåddes genom att studera 
samstämmigheten mellan modellresultaten och lokaliseringen av mikro-seismiska 
händelser. Modellresultaten och skadekarteringsdatabasen användes som grund för 
att utveckla ett enkelt prognosverktyg för att uppskatta den slutgiltiga 
utbredningen av infrastrukturskador direkt associerade med gruvbrytningen för 
framtida brytningssteg.  

En litteraturstudie av släntbrott, storkskaliga brott i samband med rasbrytning 
samt brottsövervakning med mikro-seismik är inkluderad som bakgrund och för 
att definiera terminologier som används genom avhandlingen. Literaturstudien 
beskriver principiella brottsmekanismer samt kombinationer av mekanismer 
såsom strukturstyrda brott pådrivna av djupt belägna bergmassebrott eller minskad 
inspänning. Fallstudier presenteras där tidigare stabila strukturer destabiliseras av 
rasbrytningens framskridande och exempel där mikro-seismikdata använts för att 
följa deformationer samt initiering och tillväxt av nya sprickor i intakt berg och 
bergmassa.  

Kiirunavaaragruvan presenteras i detalj som den huvudsakliga fallstudien för 
arbetet. Gruvan har varit aktiv sedan tidigt 1900-tal med övergång till 
underjordsbrytning för över 50 år sedan. Malmkroppens utbredning är 4 km 
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längs strykningen med en genomsnittlig vidd av 80-90 m, och malmkroppens 
fortsättning mot djupet är öppen. Malmen har en genomsnittlig stupning av 60 
grader öst med en fältstupning mot norr. Bergmassan i både liggvägg och 
hängvägg anses vara hård och kompetent med UCS värden för liggväggen mellan 
ca 130 MPa till extrema fall av 600 MPa. Malmen bryts i produktionsblock med 
ca 400 m bredd (längs malmens strykning). Brytning av de nordligaste blocken, 
belägna i Sjömalmen, har inte skett i dagbrott utan har utförts enbart via 
skivrasbrytning.  

Instabiliteten i liggväggen har avhandlats i ett flertal tidigare studier. De 
dominerande brottsmekanismerna har föreslagits i tidigare arbeten som storskaligt 
dragbrott, komplext kilbrott eller cirkulärt skjuvbrott d.v.s. någon typ av 
principiellt släntbrott.  

I arbetet för denna avhandling kalibrerades konceptuella numeriska modeller i 
UDEC mot skadekarteringsdata från liggvägens underjord, med avseende på 
koncentrationer av skjuvtöjningar. De konceptuella modellerna visade på 
bergmasseskador utan indikationer på storskaligt släntbrott, exempelvis 
koncentrationer av numeriska skjuvband. PFC-modeller i gruvskala kalibrerades 
gentemot bergmasseparametrarna från de konceptuella studierna i UDEC för att 
direkt studera upprickningen av bergmassan i frånvaro av storskaliga 
brottsindikationer. Modellerna visade på att skador i bergmassan främst 
uppkommer nära brytningsområdet i en seismiskt aktiv zon. Detta föreslås 
försvaga och mjukgöra bergmassan vilket i sin tur leder till utveklingen av 
infrastrukturskador i den skadade volymen när berget avlastas då området hamnar 
i spänningsskugga från skivraset.  

Ovanstående studier visar att skadorna som uppkommer i bergmassan, baserat på 
de konceptuella UDEC-modellerna och mikro-seismiska data, består av ett stort 
antal lokala skjuvbrott vilka samverkar till att framstå som ett storskaligt 
trappstegsbrott eller cirkulärt skjuvbrott i skadekarteringsdatat. Utbredningen av 
de relaterade infrastrukturskadorna förutspås begränsas av utbredningen av 
bergmasseskadorna uppkomna vid bryningen. Ett enkelt bi-linjär samband 
föreslås vilket använder malmbredd och brytningsdjup för att uppskatta den 
slutgiltiga utbredningen av skadezonen i bergmassan för varje brytningssteg, och i 
förlängningen begräsningen av senare uppkommande infrastrukturskador.  

Avhandlingen avslutas med rekommendationer för fortsatt arbete samt framtida 
forskningspotential. 
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1. Introduction

1.1. Background  
As for the focus of the thesis work the Luossavaara–Kiirunavaara Aktiebolag 
(LKAB) Kiirunavaara mine was studied. The mine is one of the oldest and largest 
(28 Mt per annum) sublevel caving (SLC) mines in the world and has thus been 
of great interests for academic and industry research for decades. 

Over the last 30 years the Kiirunavaara mine has experienced a slow but 
progressive fracturing and movement in the footwall rock mass, which is directly 
related to the mining method utilized by LKAB. SLC is a cost-effective mass-
mining method, which allows for a high level of automation but inherently 
causes the host rock, particularly on the hangingwall side, to cave progressively 
and fill the voids from ore extraction. This progressive caving is a prerequisite for 
optimal performance of the operation.  

On the hangingwall the most noticeable effect of mining is the development of 
deformations zones on the ground surface while the footwall response to mining 
is most noticeable underground with only limited effects on the ground surface, 
see Figure 1. The different definitions related to the transition zones in Figure 1 
are further described in Chapter 3.  

 

Figure 1 Concept of rock mass reactions to mining at Kiirunavaara, originally 
adapted from Villegas et al. (2011)  
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The damage to the footwall rock mass is primarily evident from damage 
development in the mine infrastructure. Damage can be observed both on the 
production levels and more widespread in the upper, decommissioned, previous 
mining levels. Continued displacements in the rock mass after a level has been 
completely mined can be observed e.g. in form of damage to concrete and 
shotcrete constructions at decommissioned levels as exemplified in Figure 2.  

 

Figure 2 Damage to concrete and shotcrete constructions at various, 
decommissioned, levels 
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In the uppermost part of the decommissioned footwall infrastructure, the rock 
falls tend to be blocky and clearly associated to the natural in-situ joint network. 
Farther down, rock falls tend to consist of smaller blocks formed by fractures of 
seemingly random orientations indicating fresh fracture propagation; the principal 
difference related to the studied depth is shown in Figure 3. 

 

Figure 3 Top: Blocky rock-fall at shallow, decommissioned, haulage level. Bottom: 
heavily fractured rock-fall at relatively deep, decommissioned, haulage level 
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At, and near, production depth, indications of seismically induced damages 
become more abundant. The separation into seismically induced damage, as 
shown in Figure 4, is based on evidence of rock throw, orientation and 
properties of newly formed fractures, shape of rock fragments and, when 
available, correlation to recorded micro-seismic event data.  

At the active production levels seismically induced damage dominate together 
with shearing and slip along pre-existing, persistent, structures. This type of 
structure activation, visualised in Figure 5, is also common throughout the 
footwall close to the damage extent boundary (DEB) indicated in Figure 1 and 
described in detail in chapter 3.2.  

 

 

Figure 4 Suspected seismically induced damage at deep, finalised, production level  
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Figure 5 Slip along structure at production level outlined by red line 

While the association between the damage in the footwall and the mining 
operation is clear, the underlying mechanisms are less understood. The primary 
failure mechanism underlying the damage development has historically been 
proposed to be large scale tensile failure (Singh et al., 1993) or progressive shear 
failure (e.g. Lupo, 1996; Sjöberg, 1999). In these studies, as well as other 
contemporary studies (e.g. Henry & Dahnér-Lindqvist, 2000; Sitharam & 
Madhavi, 2002) the footwall was treated as a rock slope supported by the cave 
rock from the hangingwall. The expected failure mechanism in the footwall has 
thus naturally been expected to be of a traditional slope failure type. Significant 
calibration efforts have been made in the past to “forcibly” fit circular shear 
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failure paths to the observed damage locations with the drawback of only fitting 
current observations, but not able to model the full evolution of the damage. 

1.2. Scope and aim 
The work on this thesis was performed in connection to an industry project 
funded by LKAB. The scope and aim of the project work was thus set in 
collaboration with LKAB and the Kiirunavaara mine research department to fit 
the industry needs. The project aimed to: 

(i) Identify the actual failure mechanism in the footwall using 
observations and numerical analysis. 

(ii) Develop prognosis methods based on the true failure mechanism 
from observations and measurements. 

(iii) Describe the impact on the mine underground infrastructure from 
the displacements in the footwall rock mass. 

(iv) Describe the impact on the mine ground surface infrastructure from 
the displacements in the footwall rock mass. 

The scope of the project is limited to the footwall damage development as per 
the following restrictions and limitations: 

(i) The project is focused on the footwall; the hangingwall is only 
included for studying the interplay between the hangingwall caving 
and the footwall damage development. The action of the 
hangingwall cave rock on footwall behaviour should be addressed. 

(ii) The whole mine extension, north to south is included, but the 
northernmost part (north of Y25) is prioritised for the ground 
surface impact. 

(iii) Local damage development on stope scale caused by stress rotations 
close to the mining front is outside the scope; interplay and 
coalescence of such damages into large scale patterns are included. 

(iv) The study and prognosis work is limited to a maximum mining 
depth of 1500 m (current mining at 907-1051 m).  

1.3. Thesis questions 
The thesis questions are based on, but not directly translatable to the presented 
industry needs. The thesis studies the large scale effect of mining on rock mass 
and underground infrastructure damage in SLC footwall. This is done through a 
case study of the Kiirunavaara mine footwall by addressing the following 
questions:  
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(i) What are the predominant failure mechanisms at the Kiirunavaara 
footwall? 

(ii) What is the role of confinement on the damage development in the 
footwall? 

(iii) How does the SLC relate to the footwall damage development? 
(iv) How can infrastructure damage associated to future mining be 

estimated using currently available data? 

1.4. Research approach 
The research work flow adapted is visualised in Figure 6. The damage evolution 
and the underlying failure mechanisms were studied by numerical modelling 
based on damage mapping data. To create a database of damage data, the 
Kiirunavaara mine footwall infrastructure, above active production, was mapped 
for damage in its entirety annually during the span of the 5 year project. The new 
observations were added, and interpreted in relation to previous observations 
from earlier mapping campaigns and projects (more details on the mapping 
procedure and methodology can be found in chapter 3.2).  

 

Figure 6 Concept of the research approach adapted for this work 

Mechanism

Damage mapping Conceptual Numerical 
modelling

Calibrated numerical 
models

Damage extent 
boundary (DEB)

Damage evolution concept

Deformation dataSeismic data Validation 
of concept 

Prognosis tool 
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The damage evolution concept developed during the work was used as the 
foundation to a prognosis tool aiming to predict the ultimate extent of the 
footwall damage relative to the pre-mining footwall-ore contact, i.e., the position 
of the damage extent boundary for future mining steps. The prognosis tool was 
calibrated to the mapping depths and partially validated by micro-seismic event 
data for the current production depth. To fully validate the tool a deformation 
monitoring system, using off-the-shelf equipment was designed and installed.  

1.5. Thesis outline and contribution of appended papers 
The thesis is structured into 5 main blocks;  

Chapter 1 – Introduction and research questions, Chapter 2 – Literature review 
providing relevant background to the discussed topics, Chapter 3 – Case study 
description of the Kiirunavaara mine and comprehensive problem statement, 
Chapters 4 and 5 – Numerical modelling and analysis, Chapters 6 and 7 – 
discussion and conclusions including suggestions for further work.  

In conclusion, the thesis is appended with some of the publications associated to 
the work: 

Paper 1 Conceptual numerical modeling of large-scale footwall 
behavior at the Kiirunavaara mine, and implications for 
deformation monitoring 
 

Status Published in Rock Mechanics and Rock engineering 
 

2016 

Content Conceptual models of the Kiirunavaara footwall using UDEC 
including a parametric study on rock mass properties to evaluate 
input sensitivity. Final models are calibrated with respect to 
documented damage locations in the footwall infrastructure. 
 

Contribution  Suggests dominant failure mechanisms by showing the relation 
between past and present damage to shear strain concentration.  
Outlines initial design criteria for a large scale underground rock 
mass displacement monitoring system. 

 
Paper 2 Underground footwall monitoring at the Kiirunavaara 

SLC mine, Sweden  
 

Status Published at Seventh international conference and 
exhibition on mass mining 
(Massmin 2016) 
 

2016 
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Content Description of the designed and installed underground rock mass 
displacement monitoring system from P1.  
 

Contribution  Conceptual description of the damage classification through a 
damage extent boundary (DEB) related to the definitions of damaged 
and undamaged areas underground.  

 
Paper 3 Determination of magnitude completeness from convex 

Gutenberg-Richter graphs in the central portion of the 
Kiirunavaara mine 
 

Status Published in Journal of the Southern African 
Institute of Mining and Metallurgy 
 

2017 

Content Micro-seismic event data for Y21-25 including analysis of Es/Ep 
ratios, localisation, location error and relation to high stress 
regions from UDEC models in P1. 
 

Contribution  Supports the conclusions of dominant failure mechanisms by 
showing the relation between micro-seismicity and high stress 
difference regions. Establishes a working methodology to define 
the minimum magnitude cut-off from convex Gutenberg-Richter 
graphs. 

 
Paper 4 Discrete Element Modelling of Footwall Rock Mass 

Damage Induced by Sub-Level Caving at the Kiirunavaara 
Mine 

Status Published in Minerals 2017 
 

Content PFC models studying the influence of the hangingwall caving on 
the footwall damage development. Also includes calibration 
procedures and comprehensive rock mass descriptions.  
 

Contribution  Develops the damage hypothesis highlighting the role of 
confinement and relaxation on the infrastructure damage. Explains 
the damage evolution in the footwall without the development of 
large scale failure surfaces expected from using the rock slope 
analogue.  

 
Paper 5 A prognosis methodology for underground infrastructure 

damage in sublevel cave mining 
 

Status Submitted 
 

In possession of the author  2017 
(submission) 
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For the listed publications the first author did the data collection and 
compilation, the modelling work, the main analysis work and all the writing.  

Content Methodology for developing a prognosis tool for estimating 
damage in the footwall infrastructure for future mining steps. 
  

Contribution  Connects the final DEB position to damage development in a 
mining influenced zone indicated at production depth by PFC 
models and micro-seismic event locations.  
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2. Literature review 
The thesis questions focus on footwall behaviour in relation to SLC mining. The 
geometry of most orebodies suitable for SLC mining creates a post-mining 
footwall contact reminiscent of a rock slope confined by cave masses from the 
hangingwall. As a context to the discussions and results of this work, it is thus 
beneficial to first explore the principles of slope stability as a general concept and 
in the context of mining. This is followed by a review of large scale underground 
rock mass response to cave mining in relation to interaction with open pits 
emphasising on stress path changes around the cave. The literature section is 
concluded with a review on the use of micro-seismicity to track such rock mass 
changes as described in the preceding subchapters. 

2.1. Rock mass response in slope mining  
Slope stability has been studied comprehensively for many different purposes. A 
comprehensive coverage of the theoretical basis of the principal slope failures are 
presented by among others Hoek & Bray (1981) and Sjöberg (1996) while slope 
design methods were extensively covered by Read & Stacey (2009). These 
principal failure modes serve as an important background as definitions for later 
discussions related to damage and rock mass failures at the Kiirunavaara mine 
footwall.  

The failure modes are depicted and described as they would occur at a free-face 
slope, which is the simplest form of slope assumption. For free-face slopes no 
external forces act upon the slope system and the level of instability is influenced 
by rock mass characteristics, geometry, gravity and stresses, and water table only. 
However, the conceptual failure modes are valid also for slopes subjected to 
various forms of confinement with the condition that the end geometry may 
manifest differently than it would for a free-faced slope.  

For large scale rock slopes the major component of the slope constitutes a rock 
mass. A rock mass is a conceptual description of a discontinuous matrix which 
consists of assemblages of rock blocks. The rock mass behaviour is primarily 
influenced by properties of the rock blocks and the intersecting discontinuities. 
For the purpose of numerical modelling the rock mass is generally treated as an 
equivalent continuum where the influence from intact material and fractures is 
combined and treated as a single material. It is important to note that the use of 
an equivalent continuum approach for describing a rock mass neither negates the 
presence of discontinuities nor their influence. An equivalent continuum material 
is in almost all cases weaker than the corresponding intact material and the 
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properties of the joints are thus taken into account by the relative reduction in 
strength. The rock mass of a large scale rock slope will thus always incorporate 
discontinuities which need to be addressed either directly, as for modes explicitly 
influenced by individual discontinuities (structurally controlled failure modes), or 
implicitly through an equivalent continuum approach, as for modes indirectly 
affected by discontinuity sets (rock mass failure modes). 

Structurally controlled failures are dependent on distinct sets of discontinuities. 
The associated failure modes develop from the weakest links where the 
discontinuities represent weak planes in a significantly stiffer and stronger 
surrounding matrix. Structurally controlled slope failures are thus common for 
low-stress and large discontinuity persistence environments. 

Planar failure is the simplest of the structurally controlled failures, where a single 
failure plane is formed striking parallel to the slope face. Planar failure requires 
pre-existing persistent discontinuities or weakness planes with shallower dip 
angles than the slope face. If a potential failure volume is cut by discontinuity sets 
oblique to the slope face this might limit the lateral extent of the affected volume 
and the failure must then be treated as a 3D problem due to the formation of a 
wedge. A wedge can also form from two or more oblique discontinuities that 
would independently not cause instability. Wedge failures exhibit multiple levels 
of complexity; formation can be caused by intersection of discontinuity planes, 
simple wedge failure, or due to stepping between joint sets, step wedge failure, or 
a combination of several joint sets and failure of intact rock, complex wedge 
failure. 

If the rock mass discontinuities are not persistent, displacement along single 
structures alone is not enough to cause failure. In a step path failure the failure 
plane is defined by several short interconnecting discontinuities (joints) rather 
than one continuous weakness plane. The joints may connect both by combining 
sets of different dip angles as well as through failure of intact rock separating 
individual joints of the similarly oriented sets. For large scale slopes this 
mechanism is more likely to occur than true plane failure as continuous planes 
become increasingly rare as the scale increases. 

As the difference in scale between the slope and joint lengths further increases the 
stepping path of the failure surface will tend to approach a more circular rather 
than linear path through the rock mass (see Figure 7). As this behaviour becomes 
more pronounced, the failure mode transfers into rotational shear failure or 
circular shear failure.  
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Figure 7 Mixed failure mode combining step-path, curved shear failure and plane 
failure after examples by Sjöberg (1996) 

Rotational shear failure is common for soil slopes but has also been shown to 
occur in highly fractured rock slopes; it should be noted that for a rock mass the 
degree of fracturing is often directly linked to the scale of the examined volume. 
The circular surface may cut through the entire slope or intersect with surface 
tension cracks or surface near natural structures. With increasing scale mixed 
failure combining elements from several principal modes as illustrated in Figure 7 
become increasingly common.  

The above general discussion serves to establish the definitions of principal failure 
modes for rock slopes as comprehensibly described by Sjöberg (1996). In the 
following section these failure modes are put into context of mining slope 
instabilities by case studies highlighting various aspects of slope behaviour. 

Open pit walls range from a few tens of meters in height to several hundreds of 
meters. At relatively small wall heights failures tend to be predominantly 
structurally controlled with failures often being traceable back to individual 
discontinuities or discontinuity sets. Dight (2006) presented three case studies of 

a failure mechanism and prediction model for each case. Common for the cases 
were that failure did not develop in relation to the strike and dip of known joint 
sets, the discontinuities involved were either previously unknown due to bias in 
mapping (for two cases) or were formed during mining preceding the failure (one 
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case). The failure surfaces were complex, involving a combination of several 
distinct failure mechanisms (toppling, buckling, etc.).  

Another example was presented by Alejano et al. (2010) who analysed a 
toppling-circular failure in an open cast mine in Valencia, Spain. The failure 
progression was deemed relatively slow and was most likely initiated by toppling 
at the crest and involved mode changes along the failure path, similar to the cases 
presented by Dight (2006).  

Structures have been found to significantly influence the failure path also for large 
slope heights. Board et al. (1996) describes a progressive failure in the (at the 
time) 650 m deep Chuquicamata open pit mine. Two major joint sets were 
argued to significantly influence the stability of the slope; toppling induced by the 
steeper of the two sets was observed and modelled for the upper part of the slope, 
this toppling formed a wedge which encompassed the entire wall side. The 
wedge seemed to be partially stabilized by a progressive heaving of the pit 
bottom at the slope toe. It was concluded by Board et al. (1996) that, while the 
failure path was affected primarily by the two joint sets, the initiation and 
progression of the failure was determined by rock mass failure manifested as the 
floor heave. The numerical results by Board et al. (1996) indicated that the 
theoretical increase of the rock mass strength in this yield zone would have 
prevented the failure from initiating and the wedge would not have formed. 
Similar conclusions were made by Sainsbury et al. (2007) for a slope failure at the 
Cadia Hill open pit (pit diameter 1.5 km, slope height up to 490 m). A sliding 
plane failure was formed over a set of structures with a trace length in excess of 
30 m running sub-parallel to the slope. Despite the failed volume being outlined 
by the structures it was concluded that the failure was in fact a combination of 
structurally controlled failure and failure through intact rock.  

A final example of the transition between, and combination of, structurally 
controlled failure and failures progressing though equivalent continuum rock 
mass is the case of Kennecott Copper Mine or Bingham Canyon located about 
40 km west of Salt Lake City. The pit has a width of about 4 km and a depth of 
just less than 1 km (Pankow et al., 2014). The mine has suffered several large 
slope failures during production, one of which occurred in 1967 at the north-
west corner of the mine (designated Main Hill). The failure involved about 2 Mt 
of material and occurred in a portion of the pit with an average slope angle of 

1968 and 1974 respectively. All three failures were believed to involve both 
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circular shear failure through the rock mass and plane shear failure in the upper 
portions of the slope (Sjöberg, 1999). More recently, in April of 2013 
(Clément et al., 2014), a massive failure constituting the major part of the 970 m 
northern wall and about 65 million m3 of rock occurred. The failure initiated in 
two events, both characterised as landslides or rock avalanches 
(Pankow et al., 2014).  

2.2. Rock mass response in cave mining 
A new set of problems occur if the open pit overlies an underground mining 
operation. Even in cases where there is initially no connection between the open 
pit and cave, it is nevertheless reasonable to assume that a softened zone exists 
both below the pit floor as well as above the cave zone. This means that there is 
likely a stress connection between the open pit and underground operation also 
prior to ground surface breakthrough of the cave. However, the most significant 
interaction occurs after cave breakthrough and the open pit slope toe loses 
confinement.  

An example of this is the Palabora mine in South Africa. The mine was initially 
an open pit operation but transitioned into block caving in the year 2000. The 
remaining open pit measures just less than 2 km in diameter with a depth of 
800 m (Woo et al., 2012; Moss et al., 2006). Shortly after the block cave 
daylighted at the open pit floor between year 2004 and 2005, the northern pit 
wall suffered a large slope failure (Sainsbury et al., 2008). The elapsed time from 
the first observed pit wall displacements to fully developed failure was 
approximately 18 months (Moss et al. 2006). The failed volume extended 300 m 
beyond the pit boundary and involved the full 800 m height of the wall  
(Woo et al., 2012). The failure has been back-analysed by several researchers  
(e.g. Brummer et al., 2006; Vyazmensky et al., 2010; Severim & Eberhardt, 
2012; Woo et al., 2012) and it was shown that local structures were the most 
important controlling factor together with the caving advance.  

A second example of the importance of confinement on large scale damage 
development is the mixed-caving operation at the Ridgeway gold mine, 
Australia. The orebody is sub-vertical with a length and width of 400 and 250 m 
respectively. The mineralization extends from 500 m below the surface and 
exceeds a depth of 1500 m. The ore is described as structurally controlled gold-
copper porphyry containing sheet quartz veins with copper sulphides 
(Brunton, 2009). The mine is divided into two separate operations: the upper 
part, Ridgeway (SLC), and the lower part, Ridgeway deeps (BC), with the 
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transition at the depth of 890 m. Inspection of abandoned levels reported by Lett 
& Capes (2012) after BC cave breakthrough to the SLC describes the stability 
within 130 m of the cave to be mainly structurally controlled.  

Both the above examples indicate a low stress environment closest to the 
underground cave limit. The cave connection in both cases caused new damage 
to develop related to weakness planes which had previously been stabilised by 
confining stress.  

The change in stability of existing underground infrastructure during advancing 
SLC mining was also part of a study for the Kvannevann mine, Norway. Trinh & 
Sand (2011) studied future footwall stability by numerical modelling with the aim 
of predicting surface deformations with the potential to disrupt the operation of 
the main supply road. The general layout of the mine and orebody was modelled 
numerically using the 2D FEM program Phase2 developed by Rocscience. 
However, based on experience from the much deeper Kiirunavaara mine, Trinh 
& Sand (2011) argued that the Phase2 model results might be overly 
conservative. This conclusion should be interpreted in light of the fact that the 
model used by Trinh & Sand (2011) did not contain any cave nor fill material in 
the mined zone leading to a complete de-coupling of the footwall and 
hangingwall leaving the footwall fully de-confined.  

Clearly, in the contexts of cave mining, some types of damage development 
cannot be fully avoided due to the inherent stress path changes during cave 
development. The issue then becomes to mitigate, track and predict instabilities 
and their influence on nearby constructions. Due to the increasing availability of 
seismic data, this data source has been used at several mines in attempts to track 
rock mass distortions both in context of the failed volume itself (e.g. 
Pankow et al., 2014; Clément et al., 2014) or in volumes close to failure (e.g. 
Moss et al., 2006; McKinnon, 2006). 

2.3. Seismicity and failure  
The link between mining and recorded seismicity has been a focus of research 
over recent decades. Notable later works include as mentioned above 
McKinnon (2006) who indicated how even small stress changes from mining 
activities could activate seismic faults in volumes proportionally much larger than 
the mining area itself. These far-off fault events were also recognised by 
Richardson & Jordan (2002) as “type B” events activated by long term mining. 
The “type B” events described by Richardson & Jordan (2002) were recognised 
primarily as originating from shear type events which arguably are the most 
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common event types for mining induced seismicity (Ortlepp, 2000). This 
distinction between shear type and non-shear events is most typically performed 
by studying the ratio of energy carried by an event’s P (compression) and 
S (shear) waves. This relation is referred to as the Es/Ep ratio, e.g. Richardson & 
Jordan (2002), Snelling et al. (2013), and Xu et al. (2014). 

Separating seismic events by types and categories allow for detailed analysis on 
what are often otherwise substantially large data sets. Simplification and analysis 
by filtering and clustering of seismic data is a common first step when analysing 
located events as demonstrated by Lynch & Malovichko (2006 ), Richardson & 
Jordan (2002), Orlecka-Sikora et al. (2012), Xu et al. (2014), and 
Cesca et al. (2014), etc. 

The overall reason for these analyses is the fact that a seismic or acoustic event is 
an indication of detrimental change in rock mass properties due to fracture slip 
and growth (e.g. Shen et al., 1995). Cai et al. (2001) and Shen et al. (1995) 
recognise this fracture growth as a reduction of the rock mass matrix stiffness. 
This effect was also demonstrated by Young et al. (2004) who observed a 
reduction in the Young´s modulus following recorded micro-seismicity. The 
correlation between fracture growth and subsequent stiffness reduction was used 
by Agliardi et al. (2013) to track progressive fracture growth leading up to rock 
mass failure by measuring changes in GSI (Geological Strength Index). Moss et 
al. (2006) indicated increase in seismicity near mobilised rock mass volumes in 
the Palabora mine pit slopes, and similar conclusions were presented for the 
Century mine by Salvoni & Dight (2016). The potential of using seismic data for 
rock mechanical back analysis was also explicitly stated by Mendecki et al. (2010). 

The Kiirunavaara mine started recording seismic events on a larger scale in 2008, 
after previously having a minor system installed in 2003 following a trial system 
in 2000 (Henry et al., 2001). Even though data was scarce Henry et al. (2001) 
indicated the possibility to use a larger seismic system to track failure in the 
footwall rock mass. This potential (for the current micro-seismic system) is 
addressed in this work in Svartsjaern & Eitzenberger (2017) and 
Svartsjaern (2017) as well as chapter 4.2 in this thesis.  
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3. Case study – The Kiirunavaara mine  

3.1. Mine description and geology 
In general the orientation of the mine is north to south with the footwall on the 
west side and the hangingwall on the east. The orebody undercuts the 
hangingwall as it dips roughly 60 east. Orientation and naming of objects and 
infrastructure is associated to a local 3D coordinate system with the vertical z-axis 
originating at the pre-mining summit of the Kiirunavaara mountain. The local y-
axis is approximately oriented north to south and follows the general strike of the 
orebody, and the x-axis is oriented roughly west to east. The z-coordinates 
increase with depth, while y-coordinates increase southwards and x-coordinates 
increase eastwards into and beyond the hangingwall, see Figure 8.  

The current SLC underlies an open pit decommissioned in the 1950s. The main 
haulage level is currently set at an estimated depth of 1100 m (mine level 1365). 
Mining of the roughly 4 km long orebody is performed in production blocks 
with the block names given by the Y-coordinate at the block access drift. Each 
block is roughly 400 m wide resulting in the blocks 9, 12 (Lake Ore) 16, 19, 25, 
28, 33, 37, 40 and 45 counting from north to south. Blocks are mined between 
the levels 935 and 1051 with the shallowest blocks being the Lake Ore blocks. 
Access to the blocks is by vertically spiralling roads and horizontal, ore parallel, 
transportation drifts.  

The main permanent infrastructure (skip shafts, crushers, workshops, etc.) is 
located in the CA-area (abbreviation of Swedish “Centrala Anläggningar” or 
Central Facilities) between Y22 and Y25 at a relatively large distance from the 
footwall contact. The CA-area is connected to the horizontal transportation drifts 
by CA access drifts running perpendicular to the ore strike. A graphical layout of 
the underground infrastructure is shown in Figure 9. 
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Figure 8 Perspective view of the Kiirunavaara mine open pit area with coordinate 
orientation 

The geology of the mine area is composed of igneous and metamorphic rocks 
which are part of the Fennoscandian Shield. A ductile foliation that strikes north-
south is commonly encountered within the area. A number of weakness zones 
align with this regional foliation which shows signatures of hydrothermal 
alteration, including deposition of chlorites. Both the orebody itself and the 
principal rock type boundaries in the footwall and hangingwall sides align with 
the strike of the regional structures (Mattsson et al., 2010).  

The rock mass directly to the west of the footwall contact is interpreted as 
Precambrian aged tracho-andesites, locally referred to as syenite porphyries. 
These syenite porphyries have historically been separated into 5 subgroups 
denoted SP 1 - 5 based on core test results. The subgroups do not cluster but are 
to a large degree intermixed. This intermix, combined with the large variation in 
geomechanical properties between the subgroups, makes field estimations of the 
rock mass properties at any given location difficult. 
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Figure 9 Principle layout of the underground mining infrastructure as seen from 
the footwall, image courtesy of LKAB 

The most commonly occurring subgroup is SP 1 which forms the ‘base-line’ 
syenite porphyry. SP 3 has a high content of amygdules and occurs more 
commonly close to the footwall contact. The footwall ore-contact also contains 
0.2 - 0.4 m thick zones of amphibolite and actinolite skarns. SP 4 and 5 are 
intermixed in volumes of SP 1 where SP 4 is considered to be more competent 
and SP 5 represents heavily weathered rock. The strength properties of the 
individual subgroups are comprehensively summarized by Vatcher et al. (2016). 
Uniaxial compressive strengths (UCS) are shown to range from ca. 130 MPa 
(most altered rock) up to extremely competent rocks at a maximum of around 
600 MPa.  

Documentation of the rock mass at a distance from the ore contact is limited to 
drift mapping, primarily for the central region, as most cores are related to the 
prospecting of mineable ore and limited attention has been given to the host rock 
housing the infrastructure.  

The first layer of the hangingwall rock near the ore contact constitutes pyroclastic 
rhyodacites referred to as quartzite-porphyry (Geijer, 1960). As for the footwall 
the hangingwall main group (quartzite-porphyry) is locally split into 5 subgroups 
designated QP 1-5. Again, as in the footwall the internal distribution of QP:s for 
a given volume is complex with a high degree of intermix. QP 1-3 represents 
base-line quartzite-porphyry differentiated mainly by colour and mineral content 
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with QP 3 having a high chlorite and amphibole content. QP 4 is interpreted as 
a meta rhyodacite and QP 5 represents heavily weathered rock (Villegas, 2008). 
From the laboratory data there are no significant difference in strength properties 
between the QP groups (Vatcher et al., 2016) however it is reasonable to assume 
that QP5 (similar to SP5) would represent significantly lower strength. The 
hangingwall is in general considered to be less competent than the footwall (e.g. 
Villegas & Nordlund, 2013; Vatcher et al., 2016).  

The orebody strikes north-south with an eastwards dip of about 60  and is 
roughly parallel to the orientation of the ductile regional deformation foliation. 
The tabular orebody constitutes a fine-grained magnetite with intrusions of 
apatite with a variable width of about a few up to as wide as 150 m but averaging 
80-90 m. The continuation of the orebody at depth is unknown. The current 
and previous mining shows a gentle dip-along-strike towards the north, 
extending the footprint of the SLC away from the old open pit. In general the 
ore is considered less competent than the host rock with the exception of SP 5 
and contact minerals.  

Information about dominant joint orientations have been documented for most 
levels in moderate detail, however, joint properties have in general not been 
recorded. The dominant joint orientation has historically motivated the 
separation of the length of the footwall into domains. These domains cannot be 
clearly traced between levels even though some similarities are observed between 
main haulage levels. The continuation of previous patterns down to level 1365 m 
has been deemed uncertain. Work by Vatcher et al. (2016) indicate that, at a 
mine scale, the domains for the rock joints might not be well represented by 2D 
sections related neither to the mine length coordinate (Y-axis) nor to the depth 
designation by mining level (Z-axis). Joint orientation distribution in the 
southern portion of the mine (primarily in the footwall south of Y28) is reported 
as having a large random component and clustering of joint sets into domains is 
uncertain. In both the northern and southern extents of the mine joint sets 
dipping parallel or sub parallel to the orebody can be found following the general 
trend of the regional structures. In general these dominant joints do not cross the 
ore contact zones even though the major orientations are roughly the same on 
both sides of the contact (Mattsson et al,. 2010). 
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3.2. Rock mass response from mining 
SLC is a cost-effective mass-mining method, which allows for a high level of 
automation but inherently causes the host rock, particularly on the hangingwall 
side, to cave progressively and fill the voids from ore extraction. The caving in 
turn leads to ground surface displacements, thus affecting the overall mine 
footprint and induce stress path changes underground resulting in rock mass 
damage and micro-seismicity.  

On the hangingwall the ground surface footprint develops in two main stages of 
ground settlement; a continuous deformation zone (free of tensile cracks and 
steps) and a discontinuous deformation zone. The discontinuous deformation 
zone is characterised by tensile fractures forming on the ground surface; these 
fractures develop into steps of discontinuous deformation closer to the pit rim 
and includes complete caving of the old open pit hangingwall. Figure 1 illustrates 
the definitions used for the ground surface deformation zones at the mine. 

The angle between the farthest point from mining (horizontal distance on 
ground surface) in the continuous deformation zone and the current mining level 
is defined as the limit angle and the transition point into the discontinuous 
deformation zone is given by the break angle.  

The footwall rock mass response to mining is most noticeable underground in 
the decommissioned mining infrastructure overlying the current production 
areas. Svartsjaern et al. (2016-a) divided the rock mass closest to the ore-contact 
in the footwall, based on the results from damage mapping of the 
decommissioned infrastructure and numerical modelling, into two conceptual 
zones: (i) a damaged zone near the ore-contact where damage to the 
infrastructure is common and systematic, and (ii) an undamaged zone with no 
significant damage to the infrastructure. In the undamaged zone infrastructure 
damage is sporadic and judged to be primarily caused by local variation in rock 
strength rather than stress redistribution or deformation. The damage in the 
damaged zone is most severe close to the ore-contact and lessens farther into the 
footwall. The conceptual transition between damaged and undamaged is defined 
as a damage extent boundary (DEB). The DEB represents a conceptual boundary; 
between the DEB and the footwall contact the infrastructure is classified as 
damaged, outside the boundary the infrastructure is undamaged or only locally 
damaged due to specific local conditions such as alteration zones or unfavourable 
infrastructure layout.  
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The DEB is conceptually sketched as an outlining border on each mapped level 
by interpolating between observations. The individual border outlines are then 
interpolated between the observation levels to form a continuous surface 
approximating the damage extent in non-accessible areas. The procedure as 
described by Svartsjaern (2017) is visualised in Figure 10 where damage areas are 
subjectively classified as heavily damaged (red) or lightly damaged (orange). The 
border outline is sketched to encompass all coloured areas for each level and the 
levels are then connected to form a surface.  

 

Figure 10 Damage mapping methodology from clean map, through observation 
and evaluation to establishment of large scale patterns and the formation of a 
damage extent boundary (DEB)  
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The DEB is developed in 8 steps. (1) Accessible infrastructure is identified and 
maps containing major structures and geometries are prepared. (2) Historical 
damage notations are gathered (blue notes) and the area is re-inspected and the 
current damage state is indicated by adding new observations to the historical set 
of notes (orange notes). (3) The area is subjectively classified as heavily damaged 
(red) or lightly damaged (orange), in this case based on if the damaged area is 
safely traversable or not. (4) The damaged areas are transcribed on to full 3D 
maps in the actual mine coordinates for each mapped level. (5) All information 
except the damaged areas is removed and the mapped levels combined into one 
file (6). (7) The outer contour of the damaged areas area traced on each level and 
the contour lines are connected between levels at each full Y-coordinate (100 m 
sections). (8) The resulting 100 m wide panes between the inspected levels are 
filled in to create a continuous surface interpolating the extent of the damage 
zone between observation points. 

The rock mass movements interpreted for the footwall underground from the 
mapped infrastructure damage cannot be detected from ground surface 
monitoring. The current theory is that the underground movements are re-
directed towards the open pit slope by sub-vertical structure sets near the ground 
surface. Evidence of such structures includes both the results from underground 
mapping and structures which directly daylight in the open pit footwall slope 
(Svartsjaern, 2015). 

3.3. Historical footwall damage hypotheses 
The current Kiirunavaara mine constitutes two distinct SLC regions; the main 
orebody at around coordinates Y16-Y46 and the Lake ore (Sjömalmen) at <Y16. 
The main orebody underlies the old open pit and the ore has been mined 
“continuously” from the ground surface down to the current depth while the 
Lake ore was added at a later stage and was first mined from around level 560 m 
with an initial cap rock thickness of about 350 m. The subsequent caving of the 
Lake ore cap rock and main orebody hangingwall have, during the life of mine, 
extended the ground surface footprint towards the north-east as indicated in 
Figure 11, while the old open pit footwall slope has been relatively unaffected. 
However, effects in the footwall underground have been more pronounced.  
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Figure 11 Arial photographs of the Kiirunavaara surface footprint during open pit 
operation (A) and 2016 mine footprint (B), adapted from Eniro (2016) 

The instabilities in the footwall underground are directly related to the utilisation 
of the SLC method. Even though the footwall “slope” is partially supported by 
the caved rock masses from the hangingwall (Villegas & Nordlund, 2008) damage 
both on the footwall crest and in the footwall underground has been observed 
since the late 1980s. In response to these observations, several studies have been 
conducted from the 1990s and onwards on the large scale footwall stability at the 
Kiirunavaara mine. 

Most of these studies were aimed at identifying the footwall failure mechanisms 
using empirical, analytical or numerical methods. The first studies were based on 
damage records of varying details from underground mapping from the late 1970s 
and onwards. Dahner-Lindqvist (1992) analysed these damage records with an 
assumption of circular shear failure by using the slope stability charts developed 
by Hoek & Bray (1981). A few years later Singh et al. (1993) used the 2D 
continuum Itasca code FLAC to model the footwall as a free-face slope assuming 
that the caved material from the hangingwall would be unable to carry stresses 
and could be numerically approximated as a void. Singh et al. (1993) indicated 
failures in the footwall for mining depths exceeding 500 m. The primary failure 
mode was interpreted as tensile failure with formation of tensile cracks at the 
ground level. The mechanisms simulated by Singh et al. (1993) were re-evaluated 
by, among others, Lupo (1996) and Sjöberg (1999) as the model results did not 
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fit damage observations in the field. The failures in the footwall as simulated by 
Singh et al. (1993) did not indicate large scale instability but did produce 
significant deformations in the footwall at a distance of 50-100 m from the old 
ore-contact as the mining depth exceeded 500 m. The prediction of large 
footwall deformations could therefore in part be explained by the free-face 
assumption. 

The work by Lupo (1996) on the Kiirunavaara mine focused on surface 
deformations on both the hangingwall and the footwall sides. The assumed failure 
surface in the footwall was planar, either comprising of a pre-existing structure or 
a combination of geological structures and failure surfaces through intact rock in 
combination with a surface tension crack. Based on the conclusions by 
Lupo (1996) the surface deformations and the correlated underground damage 
were predicted to follow the inclination of the ore/host rock contact and not to 
propagate significantly westward as the mining depth increased. In addition, a 
sensitivity analysis conducted on the input data used for the analyses showed that 
the results significantly depended on the ground water assumption and the caved 
masses. To address this Lupo (1999) attempted to implicitly model the caved rock 
mass using active earth pressure with a friction angle varying with depth. The 

pressure and the host/caved rock interface angle a “surface traction” was 
calculated and used as equivalent pressure distributed over the free surface. Lupo 
(1999) used these pressures to model the subsidence and progressive failure of the 
hangingwall and concluded that the use of surface traction eliminated the need to 
model the caved material explicitly. The failure prediction of the hangingwall 
appeared to be relatively successful but the predicted failures in the footwall did 
not occur (Villegas & Nordlund, 2008). 

Sjöberg (1999) performed numerical and limit equilibrium analyses of the 
Kiirunavaara footwall assuming circular shear failure as the primary failure 
mechanism. For the numerical analysis the software FLAC was used to model the 
footwall, both as a free-faced slope as well as a confined slope supported by caved 
rock material. Rock mass strength parameters were estimated using both test 
results from intact samples as well as analytical relationships. Models using the 
derived input parameters did not capture the full damage pattern in the footwall. 
Model calibration by fitting with observed damage produced low magnitude 
input for the numerical rock mass properties; the major contribution to this 
calibration need was thought to come from uncertainties in the caved rock 
parameters for the confined slope models. The significant influence on the 
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footwall rock mass behaviour from the caved rock had earlier been recognised 
also by Lupo (1997). 

As a complement to the FLAC models, Sjöberg (1999) performed limit 
equilibrium analyses using the program SLIDE where the caved rock was 
substituted by approximated pressures. It was shown that the effective direction 
of the applied pressure had a significant influence on the development of the 
footwall failure surface. The subject of footwall stability was revisited by Henry & 
Dahner-Lindqvist (2000) in which the subject of predominant failure mechanisms 
was briefly discussed but not examined in depth. 

The large scale footwall stability was also modelled by Sitharam et al. (2002) 
using approximately the same input as Lupo (1996) and a free-face approach. The 
models incorporated a calibration of the rock mass to include the strength 
reduction due to jointing as a part of a larger proof of concept of an equivalent 
continuum model developed by Sitharam et al. (2002). According to Sitharam et 
al. (2002) the results from the model showed development of shear bands that 
corresponded “fairly well” to the failures reported by Sjöberg (1999). Later, 
Villegas & Nordlund (2008) modelled the progressive failure in the Kiirunavaara 
hangingwall and footwall, using the Itasca particle flow code for 2D (PFC2D). 
Both the rock mass and the caved material were modelled, but major structures 
were not considered and the size of the particles constituting the caved material 
had a radius of 1 m. The model showed that the caved material supports the 
footwall even during draw, in this way contradicting some of the findings of 
Lupo (1996) where increased shear development during draw was indicated. The 
action of the traction from the caved material on the footwall induced only local 
failures on the footwall face close to the undercut level, these local failures did 
not progress significantly into the wall. 

In addition to the publications above, several internal LKAB reports document 
re-occurring studies related to the failure mechanisms and subsequent 
deformation patterns at the footwall. As apparent in the published literature the 
assumed failure mode and mechanisms for the large scale footwall failure have 
changed as the mine deepened, and the prognosis models have been continuously 
updated to fit observed damage. The principal milestones of these internal studies 
are highlighted on the next page in chronological order. 
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1970s – The innermost extent of damage in the footwall was 
considered traceable using a linear failure surface dipping 50-  
1980s – The dip interval of the failure surface was narrowed to 55-
this model was used into the early 90s, e.g. Finn (1981) & Dahner 
(1990). 
1992 – New failure modes were assumed, the linear model was 
replaced by circular shear failure through the rock mass with the 
estimated values c -Lindqvist, 1992). 
1993 – The cohesion value, c, was somewhat confirmed as a parameter 
study by Hustrulid (1993) indicated that the cohesion was not allowed 
to exceed 2 MPa for the failure surface to reasonably fit the observed 
damage with an assumption of circular shear failure and free-face.  
1996 – The local footwall stability prognoses still used a linear failure 

 
2000 – The estimated Mohr-Coulomb strength parameters for the 
circular shear failure were updated to c 
Henry (2000). 

Geohydrology data have not been used in the prognoses for various reasons even 
though water table data have been available at least in limited detail. Results of 
the numerical analysis by for example Sjöberg (1999) and Lupo (1996) have not 
been extensively incorporated in relation to the failure prognoses. There is still 
no comprehensive tool to account for both failures in the footwall underground 
and the prognoses dealing with the surface deformation. Different failure modes 
and surfaces are assumed for surface and underground deformation and 
continuous measurements are performed only on the surface. All information on 
the footwall failure in the footwall underground has been derived from manual 
damage mapping in the drifts. The attention given to the study of the continuous 
footwall failure has historically been somewhat cyclic, peaking with the 
development of each new main haulage level.  
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4. Numerical modelling  
Two sets of numerical models were used to study the footwall rock mass 
behaviour at the Kiirunavaara mine:  (i) a conceptual model in UDEC 
(Itasca,  2011) aiming at identifying high impact input parameters in order to 
study probable failure mechanisms fitting the observed footwall damage 
(Svartsjaern et al., 2016-a), and (ii) calibrated models in PFC (Itasca, 2015) to 
study the rock mass fracturing pattern in relation to confinement from 
hangingwall caving (Svartsjaern & Saiang, 2017). Both models were based on 2D 
sections at mine coordinate Y23.  

4.1. Modelling set-up and excavation procedure 
The base model set-up was similar for both the UDEC and the PFC models. To 
limit the computational time requirement however, the PFC model boundaries 
were smaller than the corresponding UDEC model, as visualised in Figure 12. 
Due to the different scope of the model sets, there were also minor differences in 
the original open pit, hangingwall and ore geometries.  

 

Figure 12 Model geometry for UDEC (outer boundary) and PFC (inner boundary), 
figure is not to scale. Note that the two models are not coupled or interlinked
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The first set of models (UDEC models) used a homogeneous continuum as rock 
mass with a block interface along the footwall-ore contact. The ore was 
excavated per level in 30 m high sections removing the full (80 m) lateral extent 
of the orebody in one step. At the same time, the properties of the hangingwall 
zones overlying the excavated area were lowered to simulate caving. After an 
equilibrium run any remaining void in the excavated area was re-filled with new 
material using cave-rock properties (Svartsjaern et al., 2016-a). During the 
mining steps, the footwall contact interface is allowed to slip and even cause 
complete detachment between the footwall and the adjacent blocks to prevent 
dragging effects on the footwall as the cave rock displaces towards the excavation 
area.  

The second set of models (PFC models) used a homogeneous discontinuum 
(bonded particle model) as a rock mass with no pre-defined interfaces. The ore 
was excavated per level in 30 m high sections removing the full lateral extent of 
the orebody in 5 steps starting at the hangingwall contact and moving step-wise 
towards the footwall contact. The hangingwall is allowed to cave due to the 
gradual build-up of stresses by the undercutting of the wall by the ore extraction. 
Post-failure material retains frictional strength but is cohesion-less (Svartsjaern & 
Saiang, 2017). During the mining steps, new fractures may initiate and coalesce 
between any particles in the rock mass. This allows for the fracturing of the 
footwall rock mass to be directly modelled even in the absence of large scale 
failures.  

4.1.1. Calibration of UDEC models 
Initial values for the UDEC model were retrieved from the literature as shown in 
Table 1 and the inputs were varied to study the sensitivity in model response to 
the changes. Plausible model behaviour primarily affecting the footwall was 
shown to be controlled mainly by changes in cohesion and secondly the internal 
friction angle (Svartsjaern et al., 2016-a). The model was calibrated to fit the 
damage observations from underground mapping to reach the final input values 
shown in the bottom row of Table 1. All models were run using an assumption 
of perfectly plastic post-peak behaviour.  
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Table 1 Selected input values from UDEC parameter study 

Literature cases
Source E

(GPa) 
/

c 
(MPa)

t
(MPa)

Note

Dahner-Lindqvist 
(1992)

18/
0.25*

1.5 30 0.8 Study used empirical 
charts

Sjöberg (1999) 60/
0.25

0.4 35 0.3 Numerical study in 
FLAC

Villegas & Nordlund 
(2013)

13/
0.22

1 37 0.8 Numerical study in 
FLAC

Henry (2000) 18/
0.25*

6 35 0.4 Review of LKAB 
internal numerical 
and empirical 
analyses

Perman & Sjöberg 
(2011)

70/
0.25

6.67 52.9 1.3 Numerical study in 
3DEC, the in the 
study named “low” 
values were picked 
up from the study

Final input for 
UDEC models

13/
0.22

1.2 35 0.8 Closest match to 
observed damage 
patterns

*The deformation parameters were not given by the reference case and were thus estimated 
from footwall RMR referenced from Sandström (2003) and the Simplified Hoek and 
Diederichs equation by Hoek & Diederichs (2006) with D=0. The Poisson´s ratio was 
set to 0.25 as chosen by Sjöberg et al. (2001) and Perman & Sjöberg (2011). 

4.1.2. Calibration of PFC models 
An extended literature study, including previous investigations on the 
Kiirunavaara mine, was performed to establish upper and lower limits of plausible 
ranges for the rock mass properties (Svartsjaern & Saiang, 2017). The ranges 
together with the results were then used to select target values for uniaxial 
compression tests on “rock mass cores” cut from the modelled footwall. The 
cores consisted of a 100 by 200 m “core sample” connected to two 100 by 20 m 
pressure plates as shown in Figure 13.  
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Figure 13 PFC test core for calibration of the rock mass as “cut” from the 
footwall, red circles indicate monitoring particles used to calculate strains  

Starting values were chosen based on the literature publications and adjusted 
using a systematic trial-and-error approach until the PFC rock mass properties 
were sufficiently close to the target values (Svartsjaern & Saiang, 2017) set by the 
literature study and UDEC model behaviour (Svartsjaern et al., 2016-a). The 
determined rock mass property ranges, target values and achieved values are listed 
in Table 2. Two sets of rock mass set-ups were evaluated; (i) a footwall rock mass 
and (ii) a hangingwall rock mass.  
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Table 2 Final micro-mechanical input properties for the PFC models 

 Micro-properties 
(bond) 

Micro-properties 
(contact) 

Macro-properties 

Property c (M
Pa) 

t (M
Pa) 

E
 (G

Pa) 

K
n /K

s  
(ratio) 

D
e-bonded 

friction 
coefficient 

E
rm  (G

Pa) 

rm
 (ratio) 

U
C

S
rm

 

(M
Pa) 

Rock mass 
range 

- - - - - - 3.4-
25 

0.27-
0.35 

5-9 

Footwall 
target  

- - - - - - 18 0.27 4.7 

Footwall 
PFC 

27  36 27 36 0.25 1.0 18 0.28 4.6 

Hangingwall 
target 

- - - - - - 18 0.30 3.3 

Hangingwall 
PFC 

24 36 21.6 36 0.25 1.0 18 0.31 3.3 

Pressure 
plates 

1044 36 1044 100 0.25 1.0 - - - 

 

The PFC models were calibrated for uniaxial peak strength only as there are no 
reliable sources for the post peak behaviour of the Kiirunavaara rock mass on 
mine scale. The final failure development could, nevertheless, be classified as 
brittle-strain softening, see Figure 14, due to complete cohesion-loss after bond-
breakage.  
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Figure 14 Final PFC rock mass failure behaviour during uniaxial compression 

4.2. Footwall damage development 
Similarly as in previous back analyses of the Kiirunavaara footwall damage 
observations (Sjöberg, 1999), calibration of the UDEC for development of 
rotational shear failure seems conservative. Input associated with shear band 
development through the continuum material results either in damage indications 
too far into the footwall, or damage patterns distinctly dissimilar to those 
observed (Svartsjaern et al., 2016-a). The best fit to damage observations 
underground was found by tracking shear-strain concentration during mining for 
each stage. In Figure 15 the current shear strain concentration for mining of level 
993 is shown at the top right with the shear strain history for the previous mining 
stages indicated by the yielded elements plot in upper left corner. The model also 
shows a strong correlation between areas of high shear strain and large principal 
stress difference and micro-seismic activity; Figure 15 bottom left corner.  
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Figure 15 UDEC results, black line in footwall indicates the outer damage extent 
boundary (DEB) as estimated in 2014 

The results in Figure 15 visualises two main conclusions; (i) the mapped damage 
in the footwall underground is likely not caused by a large scale footwall failure 
mechanism such as rotational shear failure or large scale wedge formation and, (ii) 
the damage to the rock mass and the damage to the mining infrastructure does 
not occur at the same time. In fact, the PFC models demonstrate that the major 
effects on the footwall rock mass from mining in terms of fracture development is 
limited to a volume relatively close to the mining area as shown in Figure 16.  
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Figure 16 Influence zone from mining; grey indicates undamaged (intact) rock 
mass and red indicates individual fractures. Blue rectangle shows “current” 
excavation level and teal rectangle shows reference level (the same in all stages).  

As shown in Figure 15 and Figure 16 damage accumulates in the footwall rock 
mass mainly at and below the active mining level and subsequently farther down 
than the mappable DEB. This shows that the infrastructure damage is not solely 
controlled by the accumulation of rock mass damage. However, the results also 
show that as mining progresses, the indicated extent of damaged rock mass will 
align with the mapped DEB as the distance to the active mining increases.  

4.2.1. Impact of confinement and caving of the hangingwall 
To study the impact of confining stress on the damage development in the 
footwall, indicated to be a major driving factor in large scale stability in chapter 
2.2, the PFC model was run as three cases;  

(i) A “base-case or case A” model with a constant ore width of 80 m 
and using the same properties for the entire rock mass (“footwall 
PFC” in Table 1).  

(ii) A “weak-case or case B” model with a constant ore width of 80 m 
with the same footwall strength as the “base-case” but with the 
hangingwall properties set as in Table 2. 
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(iii) A “real-case or case C” model with the ore width set to the actual 
ore outline at Y23 and using the same properties for the entire rock 
mass (“footwall PFC” in Table 1). 

In Figure 17 the results for case A and case B are compared. The weaker 
hangingwall in Case B” caves more readily, creating a wider cave zone; this in 
turn forces the horizontal (in-plane) primary stress to take a wider path around 
the mining area. This causes a relatively wider de-confinement zone in the 
footwall. Even though the footwall strength properties are the same in both 
models Case B indicates more, and deeper, fracture development in the 
footwall than Case A.  

 

Figure 17 Parallel bond state for cases A and B after mining of level 1020 m 
(current lowest opened excavation level) and above; blue matrix is un-yielded while 
red and green show broken bonds, black line indicate position of the damage 
extent boundary 

Using the numerical fractures in the PFC models to define the DEB Case A is 
compared also to Case C. In Figure 18 the comparison shows that (below level 
600 m) a more narrow ore section results in less damage while a wider orebody 
results in more damage. These results are in line with the results in Figure 17 as a 
wider ore, similarly to a weaker hangingwall, will result in a wider cave zone. 
Above level 600 m caving of the hangingwall in the numerical models have yet 
to initiate, leaving the footwall completely unconfined and the results being 
inconclusive.  
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Figure 18 Relative differences between PFC model using constant (80 m) ore width 
and PFC model using the actual 2D ore geometry at Y23. Positive values indicate 
real geometry (case C) to be wider than the 80 m (Case A) model; both data sets 
are retrieved after mining down to the level 1500 m  

The numerical models clearly show a correlation between the width of the cave 
zone and the damage development in the footwall. However, the rock mass 
damage and the mappable infrastructure damage do not occur simultaneously as 
indicated in Figure 15 to Figure 17. The rock mass damage at the lower portion 
of the footwall, close to the active mining, must thus be verified by other means 
than damage mapping underground.  

4.2.2. Correlation to micro-seismicity 
As summarised in chapter 2.3 there is a close correlation between rock mass 
fracturing and the occurrence of micro-seismic events. As previously stated, at 
the Kiirunavaara mine micro seismic events have been recorded at large scale 
since 2008. However, due to the intermittent and spot-wise extension of the 
system, the data is not directly comparable over the full recording time.  

The current seismic system’s primary objective is to track events, which might or 
might not be related to rock falls and bursts in active production areas to gain 
insight into the mine seismicity. This has resulted in the bulk of the geophones 
being installed in close proximity to the mining areas with much fewer 
geophones in the upper 600 m of the rock mass and thus relatively poor location 
accuracy in this volume. In addition, the large distance between the bulk of the 
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seismic system and majority of the mappable DEB means that any events 
occurring in this region will likely be attenuated before being registered by the 
system (Svartsjaern & Eitzenberger, 2017).  

However, as shown in Figure 19, for the previous and current (2017) mining 
steps i.e. levels 993 and 1020 m, micro-seismic recordings cluster in the same 
volume as indicated to be undergoing active fracturing by the numerical models 
using the influence zones visualised in Figure 16.  

 

Figure 19 Seismic events between Y21 and Y25 for 2014 (January) to 2016 
(October), red events are associated to the prognosed damage extent boundary 
(DEB) for mining of levels 993-1020 m. Blue lines indicate mapped undamaged 
infrastructure, semi-half-circles indicate the mining influence zone and red plane 
indicate current mappable DEB at Y23  
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5. Proposed footwall damage hypothesis 
The current damage hypothesis for the footwall failure developed over the last 
years involves a combination of failures. At shallow levels underground mapping 
shows damage along pre-existing structures. As the depth increases, failures 
through the rock mass, indicated by the numerical models, become increasingly 
common. A conceptual transition between the dominance of the two behaviours 
is indicated in the mapping data just above the active mining level. The damage 
evolution concept is illustrated in Figure 20. The concept is also supported by the 
seismic data records (Svartsjaern & Eitzenberger, 2017; Svartsjaern, 2017). The 
damage process is here explained by three stages related to the relative 
confinement in the affected zone:  

(i) The rock mass hosting the infrastructure is damaged by differential 
stress concentration and stress rotation beneath the active 
production. This damage primarily manifests as seismic events  
(the event itself, not the stope damage caused by the seismic wave) 
and only to a lesser extent as direct damage to the infrastructure  
(e.g. spalling events or non-seismic rock-fall). 

(ii) The weakened rock mass start to displace as confinement is reduced 
when the cave zone above the mining level widens. This causes 
rock-falls related to “random” fracture orientations, crushing failures 
of fractured pillars and walls and slip along natural persistent 
structures. This stage is shown in the damage extent boundary as the 
non-linear tracing of infrastructure damage starting at the SLC and 
moving outwards into the footwall with decreasing depth.  

(iii) As the cave zone widens further the de-stressed zone becomes larger 
than the damaged zone formed during stage (i). At this stage, the 
stage (ii) damages cease and continued damage to the infrastructure 
farther into the footwall is primarily controlled by slip along natural 
persistent structures.  
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Figure 20 Concept of current damage evolution theory 
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5.1. Prognosis tool  
The final position of the DEB is dependent on the width of the orebody as it 
influences the width of the cave zone and thus the stress path (Svartsjaern, 2017). 
The relation is shown for levels 400 to 1500 m in Figure 21. The nomogram 
includes indications of: (i) the calibration depth where the final DEB position can 
be mapped at the infrastructure for the current mining stage, (ii) the seismic 
depth where the width of the mining influenced zone is indicated by seismic 
records for current mining, and (iii) the prognosed depth associated with future 
mining.  

The size of the mining influence zone is estimated using the actual ore widths. 
The path of the prognosed DEB line is adjusted to follow the relative 
development of the influence zone as mining progresses. This results in that the 
DEB might occasionally be estimated farther into the footwall than indicated by 
the nomogram due to the effects of overlying production steps combined with 
the ore dip. 

 

Figure 21 Nomogram for calculating the final DEB position relative to the footwall 
contact depending on ore thickness and mining level with indication of the 
transition between the calibration (short dash), seismic (long dash) and prognosed 
(dot dash) regions  
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5.2. Monitoring system 
To further validate the damage hypothesis and prognosis tool the conceptual 
UDEC models were used to design a large scale rock mass displacement 
monitoring system.  

The damage hypothesis states that the rock mass closest to the footwall contact 
above the active production level is damaged by earlier mining steps. The 
damaged rock mass is weaker and more easily mobilised than the undamaged 
rock mass outside the previously fractured volume. As the cave rock zone widens 
the weaker damaged rock mass starts to expand towards the SLC. This action 
further decreases the normal stress on natural structures in the footwall striking 
sub-parallel to the orebody and thus facilitates vertical shear slip. This results in 
what at first glance resembles a slope failure with face-parallel structures shearing 
in the upper to mid portions of the footwall. The shearing structures connect to 
the SLC though an indicated step-path starting about 200  m and ending just 
over 100 m above the current production level (step-path is less clearly defined 
near the SLC intersection). These actions can be summarized in three points in 
relation to the expected damage pattern: 

(i) Normal horizontal rock mass expansion in the fractured zone 
located above active mining.  

(ii) Vertical shear of natural structures along footwall parallel structures 
along and close to the conceptual DEB.  

(iii) Increased rock mass displacement with a rotational component just 
above the production area between the old footwall contact and the 
conceptual final DEB position. 

In order to capture the described rock mass deformations a variety of monitoring 
equipment (Svartsjaern et al., 2016-b) was installed along vertical mine profiles 
close to Y27 and Y23. The concept of installation pattern is illustrated in Figure 
22. 
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Figure 22 Sketch of indicated displacement pattern from the conceptual UDEC 
models and installed monitoring equipment 

Due to the large scale operation of the Kiirunavaara mine, and the relatively short 
time that has passed since the installations were completed, the monitoring 
system have not yet produced data clearly outside the accuracy thresholds 
(Svartsjaern et al., 2016-b) of the installed equipment. However, the system is 
designed for long term use. The deformation output from the system over the 
coming years is not limited only to calibrating the prognosis tool, but it will also 
serve as an early warning system if the footwall deformation behaviour would 
change from the current expectations.   
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6. Discussion 
The state of the rock mass at the Kiirunavaara mine, particularly in the footwall, 
has previously been investigated in several studies. The primary failure 
mechanism has historically been proposed to be large scale tensile failure 
(Singh et al., 1993) or progressive shear failure (e.g. Lupo, 1996; Sjöberg, 1999). 
In these studies, as well as other contemporary studies e.g. Henry & 
Dahnér-Lindqvist (2000), Sitharam & Madhavi (2002), the footwall was treated 
as a rock slope supported by the cave rock from the hangingwall. The expected 
failure mechanism in the footwall was thus naturally expected to be of a 
traditional slope failure type. 

The damage evolution for the Kiirunavaara footwall as described in this work 
shows a changing failure pattern with respect to depth. Shearing of natural 
structures is documented near and at the DEB in the shallow portion of the 
footwall (Svartsjaern et al., 2016-b) with few or no indications of new fracture 
formations. In the deeper portion of the footwall, rock falls constituting irregular 
blocks from seemingly random structures the orientation and concentrated 
micro-seismic activity (Svartsjaern et al., 2016-a; Svartsjaern & 
Eitzenberger,  2017) indicates new fracture formation and propagation due to 
changes in the stress field during mining. Similar observations of combinations of 
structurally controlled and stress induced failures coalescing for large scale slope 
failures in the literature (e.g. Alejano et al., 2010; Dight, 2006; 
Board et al., 1996) was summarised in chapter 2.3. The literature also indicates 
that it is not uncommon for strucutrally controlled failure to be driven by stress 
path changes and rock mass failures occuring at larger depths  
(e.g. Woo et al, 2012; Lett & Capes, 2012) as descibed in chapter 2.4. 

The role of confinement and relaxation on the stability of hard rock masses was 
also comprehensively studied by Diederichs (1999), but on micro- to stope scale. 
One of the key finding was that ”Small amounts of confinement are required to 
mobilize frictional resistance on joint surfaces such that wedges or blocks become stable under 
gravity loading. Loss of this confinement is responsible for delayed failure of structurally 
defined rockmasses.”. This conclusion also fits well to the proposed damage 
hypothesis for the footwall, and offers further support to the explanation 
presented in this work to the seeming discrepancy between the occurrence of 
rock mass damage indicated by micro-seismicity and the later occurring 
infrastructure damage development. The proposed damage evolution is also in 
line with the predominant mechanisms suggested by Henry et al. (2001) and is 
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closely related to the theory of rock mass softening through seismic events as 
described e.g., for the Creighton mine by Snelling et al. (2013). 

The fact that large scale rock mass displacement system installed during the thesis 
project have yet to produce data showing deformation clearly outside the 
accuracy threshold of the system components also offers some support to the 
proposed damage without large scale failure theory. Small relative displacements 
(below instrument sensitivity) between the measured reference points indicates a 
fairly continuous displacement field close to the DEB, thus suggesting a lack of 
large scale shear or failure surfaces in this region.  

The work presented in this thesis has shown that the damage in the footwall is 
not caused by any common slope mechanism. Damage does occur in the footwall 
infrastructure without the appearance of any large scale damage, with the 
underlying cause suggested to be local shear failures reactivated by loss of 
confinement (Svartsjaern et al., 2016-a; Svartsjaern & Saiang, 2017).  

The proposed damage hypothesis is based on 2D numerical models calibrated to 
in-situ damage locations and observations. The 2D approach means that the 3D 
stress rotations near the horizontal edges of the mining area were not well 
modelled, likely resulting in conservative damage extent estimates at the ore 
boundaries. In addition, the rock masses in both the footwall and hangingwall 
were treated as homogenous neglecting the possible impact of structure 
orientations (structure presence was accounted for by scaling of the rock mass 
strength). Structure orientations have been indicated to be important by the 
recording of shearing structures at the DEB and for the caving behaviour of the 
hangingwall (e.g. Villegas & Nordlund, 2013). The possibility of incorporating 
the natural structures directly by e.g. the use of a discrete fracture network 
(DFN) was limited as the main structure groups are only semi-parallel to the ore 
strike (and, subsequently, the 2D sections) and the inherent “rotation” of 
structures into alignment in 2D models are likely to introduce significant biases 
(Lei et al., 2014).  

SLC as a mining method is typically applied for massive, steeply-inclined 
orebodies, leading to the mine geometry for most SLC mines to be similar. The 
Kiirunavaara mine is one of the world’s largest, oldest and deepest SLC mines 
and the experiences from the mine could in many cases be considered for future 
mining of other similar operations. The connection between seismic rock mass 
damage and subsequent infrastructure damage during de-confinement suggests 
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that current seismic records from operations which currently experience no 
stability issues might become important at later mining stages.  
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7. Conclusions and suggestions for further work 

7.1. Main conclusions 
The thesis work is based on a case study of the Kiirunavaara SLC mine. The aim 
of the work was to present a usable theory to explain the current, and predict the 
future, damage development in the mine footwall infrastructure. This was 
achieved by comprehensive numerical studies using UDEC and PFC with in-situ 
damage mapping data gathered over a 5 year period as the main calibration input. 
The results are supported by micro-seismic data records and further validation, or 
additional calibration, data is currently being gathered by a new large scale rock 
mass displacement system, designed using off-the-shelf equipment.  

The main research questions addressed by this work, and the corresponding 
answers found, are: 

What are the predominant failure mechanisms at the Kiirunavaara 
footwall? 

The predominant failure mechanism at the Kiirunavaara footwall has been shown 
to be small scale shear failure. These failures occur close to the active mining 
level in a volume of high principal stress difference and micro-seismic activity.  

What is the role of confinement on the damage development in the 
footwall? 

The mappable damage in the footwall infrastructure seems to develop at a later 
stage than the damage to the rock mass. However, there is evidence of a strong 
correlation between the extent of the rock mass zone damaged near the active 
mining and the development of mappable infrastructure damage at a later stage. 
The extents of the infrastructure damage align with, but do not exceed beyond, 
the previously damaged rock mass zone. It is argued that the weakening of the 
rock mass at the mining level is counteracted by the high confinement at the 
footwall toe. As the distance to mining increases, the decreasing confinement 
leads to mobilisation of the softened rock mass resulting in mappable 
infrastructure damage.  

How does the SLC relate to the footwall damage development? 

The width and geometry of the SLC have been numerically shown to directly 
impact the extent of the rock mass damage in the footwall. A relatively wider 
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orebody or weaker hangingwall will produce a wider cave rock zone resulting in 
more damage to the footwall rock mass, and subsequently a deeper seated final 
DEB position.  

How can infrastructure damage associated to the future mining be 
estimated using currently available data? 

Using the footwall damage hypothesis presented in this work, together with 
damage mapping data and micro-seismic records, it is possible to make a 
prediction on the ultimate extent of infrastructure damage related to the mining. 
Evidence has been presented that for both past and current mining a bi-linear 
equation can adequately describe the relative location of the final damage extent 
based on ore width and mining depth.  

7.2. Suggestions for further work 
The numerical models which form the basis for this work all shared a common 
assumption of plain strain conditions forced by studying the problems through 
2D sections. It has been shown that the approach works well for the main 
orebody. However, close to the orebody edge the stress re-distribution during 
mining significantly three-dimensional in nature and, as a result, the presented 
final prognosis tool results in conservative estimates for the damage development 
for the outer mining blocks, i.e. the Lake Ore. While the current scaling 
parameters overestimates the damage depth the methodology used to develop the 
prognosis tool is likely to be valid also in these areas.  

Consequently, additional work should be carried out using 3D numerical models 
able to capture the stress rotation at the ore edge in order to derive new scaling 
parameters for these areas and better determine the damage development 
transition zones between the main and Lake orebodies. Due to the dip-along-
strike of the Kiirunavaara ore zone additional knowledge of the main to edge 
transition zone will become increasingly important with increasing mining depth. 
The current Lake ore blocks will, with increasing mining depth, be located closer 
to the centre of the mining area than the edge as new blocks are opened farther 
north, and the damage development may thus change over time.  

The current work has shown evidence of significant impact on the footwall 
damage development from the ore width for both horizontal and vertical 
sections. However, some of the numerical models, primarily the more detailed 
PFC models, have shown a non-verified dependence also from abrupt changes in 
ore dip. This issue was not comprehensively pursued in this work, but future 
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work should consider this parameter to potentially increase the accuracy of the 
calibrated outcome.  

The PFC models have shown that the hangingwall caving behaviour directly 
impacts the damage development in the footwall. Previous studies touching on 
the confinement impact from the hangingwall cave rock on footwall damage 
have in general produced limited results due to significant unknowns related to 
the cave rock properties. As the properties of the caved rock cannot be directly 
assessed in-situ, the inter-relation between the cave rock zone and footwall 
damage could instead be used together with the hangingwall cave limit to find 
adequate equivalent properties to simulate the cave rock as a homogeneous mass 
by-passing the limited field access to the cave rock itself. 

7.3. Potential for continued research 
In the conceptual models used in this work the processes of rock mass damage 
was tracked by studying numerical shear strain concentrations. Similar approaches 
using a “threshold value” for numerical shear strain magnitudes to outline rock 
mass damage can be found in e.g. Cavieres et al. (2003) and 
Sainsbury et al. (2016). These approaches have been shown to work well when 
back-calculating observed in-situ failures and damage locations. However, a direct 
comparison to in-situ rock mass strains at the time of failure is generally lacking. 
The future data from the large scale rock mass displacement monitoring system 
installed at the Kiirunavaara mine in this project, as well as data from similar 
systems, could potentially be used to establish a criterion for critical rock mass 
strain similar to the critical strain concept used for intact rock samples. This 
would aid in the interpretation and calibration of numerical models by allowing 
damage indications to be associated directly with deformation limits.   

The footwall damage hypothesis presented in this work indicates 
pre-conditioning of the rock mass associated with micro-seismic activity. With 
an increasing number of mines around the world becoming seismically active, 
further understanding of this pre-conditioning related to stiffness changes and 
potential changes in fracture density should be sought. A potential damage 
criterion or evaluation threshold for strain vs. rock mass damage, as described in 
the previous paragraph, would depend on both of these parameters. It would thus 
be advantageous to further study the interlink between micro-seismicity and 
physical rock mass changes in this context as, in general, micro-seismic data is 
more abundantly available than undisturbed rock mass parameters at mine scale.  
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Abstract Over the last 30 years, the Kiirunavaara mine

has experienced a slow but progressive fracturing and

movement in the footwall rock mass, which is directly

related to the sublevel caving (SLC) method utilized by

Luossavaara-Kiirunavaara Aktiebolag (LKAB). As part of

an ongoing work, this paper focuses on describing and

explaining a likely evolution path of large-scale fracturing

in the Kiirunavaara footwall. The trace of this fracturing

was based on a series of damage mapping campaigns

carried out over the last 2 years, accompanied by nu-

merical modeling. Data collected from the damage map-

ping between mine levels 320 and 907 m was used to

create a 3D surface representing a conceptual boundary for

the extent of the damaged volume. The extent boundary

surface was used as the basis for calibrating conceptual

numerical models created in UDEC. The mapping data, in

combination with the numerical models, indicated a plau-

sible evolution path of the footwall fracturing that was

subsequently described. Between levels 320 and 740 m, the

extent of fracturing into the footwall appears to be con-

trolled by natural pre-existing discontinuities, while below

740 m, there are indications of a curved shear or step-path

failure. The step-path is hypothesized to be activated by

rock mass heave into the SLC zone above the current

extraction level. Above the 320 m level, the fracturing

seems to intersect a subvertical structure that daylights in

the old open pit slope. Identification of these probable

damage mechanisms was an important step in order to

determine the requirements for a monitoring system for

tracking footwall damage. This paper describes the back-

ground work for the design of the system currently being

installed.

Keywords Numerical modeling � Footwall behavior �
Failure evolution � Case study

1 Introduction

Over the last 30 years, the Kiirunavaara mine has experi-

enced a slow but progressive fracturing and movement in

the footwall rock mass. This is directly related to the sub-

level caving (SLC) method utilized by the mining company

Luossavaara-Kiirunavaara Aktiebolag (LKAB). SLC is a

cost-effective mass-mining method, which allows for a high

level of automation but inherently causes the host rock,

particularly on the hangingwall side, to cave progressively

and fill the voids from ore extraction. This progressive

caving is a prerequisite for optimal performance of the op-

eration. As mining progresses, the footwall contact becomes

de-stressed and assumes a slope-like geometry. The foot-

wall ‘‘slope’’ is partially supported by the caved rock masses

from the hangingwall (Villegas and Nordlund 2008). De-

spite this, damage on the footwall crest as well as within the

footwall rock mass has been observed since the late 1980s.

It is essential to accurately forecast the global stability

of the footwall with increasing mining depth for the con-

tinued operation of the mine, as well as the design of the

infrastructure located both within the footwall and on the
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ground surface. Even though most of the production-cri-

tical infrastructure (skip shafts, crushers, etc.) is located at

a considerable distance from the ore contact, a large-scale

movement or failure in the footwall could drastically im-

pede mining operations. It was, therefore, considered im-

portant to carry out early or timely prognoses to identify

any potential associated risks.

Progressive failure of the footwall at the Kiirunavaara

mine has been studied by a number of authors (e.g., Singh

et al. 1993; Lupo 1996; Sjöberg 1999). These studies were

aimed at identifying the mechanisms driving the potentially

progressive footwall failure. Singh et al. (1993) identified

tensile mechanisms as the source of the failure. However,

Lupo (1996) and Sjöberg (1999) showed that the observed

damage did not fit well with patterns associated with the

proposed tensile mechanisms. Villegas and Nordlund

(2008) showed that the caved material supports the foot-

wall even during draw, thus contradicting some of the

findings of Lupo (1996), where increased shear develop-

ment during draw was indicated. Villegas and Nordlund

(2008) showed that the shear-traction from the caved ma-

terial on the footwall induced only local failures on the

footwall face close to the undercut level. These local fail-

ures did not progress significantly into the wall. Sjöberg

(1999) surmised circular shear failure as the primary failure

mode. The potential for large-scale footwall instability was

also modeled by Sitharam and Madhavi Latha (2002)using

similar input as Lupo (1996), but with a calibration of the

rock mass to include strength reduction due to jointing.

According to Sitharam and Madhavi Latha (2002), the

results from the model showed the development of shear

bands that corresponded ‘‘fairly well’’ to the failure ob-

servations reported by Sjöberg (1999). In continuation to

the above works, this paper presents a new study which

was conducted in order to further the understanding of the

footwall failure evolution as mining progresses deeper. The

current study involved reviewing past works and per-

forming new damage mapping campaigns to outline the

damage extent, as well as pursuing numerical simulations

to gain insight into the potential failure mechanisms driv-

ing the footwall instability. Conceptual numerical model-

ing was conducted in the form of parameter study and back

analysis, where the results from the damage mapping

presented by Nilsson et al. (2014) combined with addi-

tional damage mapping data from the current work were

used as the basis for model calibration. The ultimate ob-

jective was to use the results from the mapping campaign

and numerical study to design a monitoring system, which

is currently being implemented, to track the indicated

progression of large-scale footwall damage. This is in order

to either re-affirm the failure mechanisms made plausible

by this paper or provide a completely new understanding of

the failure mechanisms involved in the footwall instability.

2 Kiirunavaara Mine

The Kiirunavaara mine, situated near the city of Kiruna in

northern Sweden, is a large-scale iron ore SLC operation

producing 28 Mt (million metric tons) of crude ore per

year. The mine is currently transitioning from a main

haulage at level 1,045 m to a new at level 1,365 m, situated

at a depth of roughly 1,100 m (actual depth) from the

ground surface. Originally, the ore was mined in an open

pit, but the mine transferred to underground mining in the

early 1960s.

2.1 Mine Layout

In general, the orientation of the mine is north to south,

with the footwall on the west side and the hangingwall on

the east. The orebody undercuts the hangingwall as it dips

roughly 60� east. The orientation and naming of objects

and infrastructure is associated to a local 3D coordinate

system, with the vertical z-axis originating at the pre-

mining summit of the Kiirunavaara mountain. The local y-

axis is approximately oriented north to south and follows

the general strike of the orebody, and the x-axis is oriented

roughly west to east. The z-coordinates increase with

depth, while the y-coordinates increase southwards and the

x-coordinates increase eastwards into and beyond the

hangingwall; see Fig. 1.

The mining-related surface and underground infras-

tructure is located on and within the footwall. The under-

ground infrastructure is situated inside the footwall and

aligned parallel to the strike of the orebody; see Fig. 2. The

main infrastructure components in the mine (e.g., roads and

ore passes) are designated by their placement according to

the local y-coordinate, e.g., ore pass group 19 is located

roughly at Y19. Most of the permanent infrastructure, such

as crushers, skip shafts, and workshops, are located far into

the footwall in the so-called CA-area. The CA-area is lo-

cated between y-coordinates Y21 and Y25. From the CA-

area, access and transportation drifts extend eastwards to

the mining areas. The main orebody is sectioned into

production blocks named by their position along the y-

coordinate axis. Mining of these main ore blocks is cur-

rently performed between levels 935 and 1051 m.

2.2 Geology

The main host rock type in the footwall is Precambrian aged

trachyo-andesite (Henry and Dahnér-Lindqvist 2000). The

trachyo-andesite is internally designated as syenite por-

phyry, which is subdivided into five categories with respect

to the strength properties, denoted SP1–SP5. The different

classes of porphyry are, to a large extent, intermixed in the
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rock mass and are replaced by other rock types as one

moves farther into the footwall, see e.g., Andersson (2009).

The in situ rock mass rating, RMR, of the footwall rock

mass has been investigated by several authors and was

summarized to be in the range of 49–68 by Sandström

(2003). The intact rock strength was referenced by Sjöberg

(1999) as varying between 140 and 300 MPa, depending on

the porphyry type tested (i.e., SP1–SP5). At the footwall

contact, the presence of 0.2–0.4-m-thick zones of amphi-

bolite and actinolite skarns has been documented by, e.g.,

Lupo (1996). Sandström (2003) noted that the ore–footwall

contact included breccia, consisting of actinolitic amphi-

bole with an RMR of 22. This contact was identified to be

increasingly prominent in the north part of Kiirunavaara.

Fig. 1 Perspective view of the

Kiirunavaara mine open pit area

with coordinate orientation

Fig. 2 Principal layout of the

Kiirunavaara mine

infrastructure (image courtesy

of LKAB)
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The predominant joint orientation close to the produc-

tion areas is the locally denoted ‘‘Kapten’’ orientation

striking roughly WNW–ESE and dipping steeply to the

south. A second dominant orientation becoming more

common as the depth increases is SW–NE, which is dip-

ping steeply NW. In addition to these sets, ore-parallel

joints striking N–S and dipping steeply to the east are

common throughout the mine. In general, the joints do not

cross the ore contact zone, even though the major orien-

tations are roughly the same on both sides of the contact

(Mattsson et al. 2010).

3 Current Monitoring

Field data are collected and separated in relation to ground

surface and underground deformations. Currently, most of

the active monitoring is performed on the ground surface

and is, thus, mostly related to surface subsidence

monitoring. Several systems have been utilized to monitor

the rock mass movement in the footwall underground, on

both local and global scales. However, all but one of these

systems have fallen out of regular use. Only a seismic

monitoring system constituting permanently installed geo-

phones near the excavation level remains active.

3.1 Surface and Underground Monitoring

Surface cracks have been systematically mapped and

tracked in varying regularity since 1992. The mapping was

first focused within the extent of the open pit area, but has

later shifted to the northernmost parts of the footwall crest,

where cracks have since been observed outside the open pit

area. Aerial photographs by helicopter overflights exist

from 2006 and have been captured yearly since 2008.

Both the footwall and hangingwall are monitored by

GPS along pre-set monitoring lines. The footwall

monitoring lines include a total of 84 hubs, of which the

majority are measured once a year. However, some specific

points of special interest, such as large deformation zones,

are measured every quarter (Stöckel et al. 2013). On the

footwall, the GPS measurements indicate only smooth

continuous deformations, except in a limited area near the

north end of the old open pit, which constitutes a distinct

mining area called the Lake Ore. The orebody in this area

(the Lake Ore) is treated as a separate body, i.e., it is not

currently mined in sequence with the main orebody. In

addition, the Lake Ore was not mined at all during the

initial open pit exploitation. Instead, it was accessed at a

later stage from underground mining, leaving a surface

rock cap, which is now caving.

A number of distometer lines (wall-to-wall conver-

gence) were installed starting in the mid-1980s, but by

2001, many were well inside the fractured volume and,

hence, measurements were discontinued. Theodolite mea-

surements were historically common in the underground

mine. However, an evaluation presented in 2000 showed

the bulk of the measurements to be questionable and the

system fell out of use (Henry 2000).

A micro-seismic system aiming to cover the entire

length of the orebody was installed in 2008. This system

constituted roughly 220 geophones by the end of 2012

(Stöckel et al. 2013). The primary objective for the in-

stallation of the seismic system was to increase the un-

derstanding of the mine seismicity. This is done by

tracking both events related to rock falls and bursts in ac-

tive production areas, as well as events that seemingly do

not cause stope damages. The knowledge gained is to be

used for mining sequence optimization to ensure a high

level of work safety; this has resulted in the bulk of the

geophones being installed in close proximity to the mining

areas, with few geophones in the upper 600 m of rock

mass. The seismic system is currently the only systematic

measuring system monitoring the footwall underground.

3.2 Underground Damage Mapping

Qualitative damage assessments are performed by routine

damage mapping concentrated mostly near the production

areas. The upper, decommissioned, areas are damage map-

ped only in relation to specific projects, which, in some cases,

mean that several years might pass between the mapping

occasions. Internal LKAB documents describe a number of

such campaigns; the two most recent (current project ex-

cluded) were performed in 2004 and 2012, respectively, but

they only covered the mine section Y22–Y24; see Fig. 1.

Within the current project, Nilsson et al. (2014) reported

a damage mapping campaign performed between the co-

ordinates Y15 and Y45 (roughly 3 km between the coor-

dinates) during 2013. The aim was to update the

underground observations on the decommissioned levels

and to present them in the context of large-scale footwall

fracturing. The footwall was systematically mapped for

damage and fallouts on levels between 320 and 800 m, more

specifically, levels 320, 420, 509, 540, 740, and 775 m.

Damage and fallouts were documented on mine maps

covering the full horizontal orebody length. A line was

drawn tracing the damage observations located farthest into

the footwall. This resulted in a contour line on each mapped

level. East of the line, the rock mass was considered dam-

aged between the contour line and footwall–ore contact. To

the west of the line, no damages were documented and,

thus, the rock mass was considered undamaged. Damage

originating from obvious local disturbances, such as highly

weathered rock, was not used in the analysis. The contour

lines on the respective levels were connected between levels
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by triangle elements. This facilitated the formation of a

complex bounding surface (damage surface) indicating the

boundary between the damaged and undamaged rock mass

for the studied volume. A ‘‘construction’’ plane was then

generated by tracing the line-of-sight projected edges of the

contour lines at both ends of the orebody. This ‘‘construc-

tion’’ plane indicated the general dip and strike of the

damage boundary surface and was used as a reference in the

following figures for visualizing the uneven geometry of the

boundary surface. The surface was colored using the

‘‘construction’’ plane as the spatial cut-off; the parts of the

damage boundary surface that lay further east than the cut-

off were colored red and the parts west of the cut-off were

colored yellow. This could be interpreted as damage oc-

curring deeper into the footwall in the areas indicated by

yellow than in areas indicated by red. However, as the

footwall contact is largely inaccessible, the undulating na-

ture of the footwall contact itself could not be considered in

this interpretation. The resulting surface is shown in Fig. 3.

The construction plane was not, by itself, used for analysis,

but was only used to color the damage boundary surface in

order to highlight the geometrical features.

Nilsson et al. (2014) reported the shape of the damage

boundary surface as being complex. The earlier postulated

circular shear surfaces indicated by the numerical studies

by, e.g., Sjöberg (1999) and Henry and Dahnér-Lindqvist

(2000) were not discernible nor could any other clear

mechanism be identified from the field observations or

subsequent analysis.

By further studying the 3D surface, a number of con-

clusions related to the fracture behavior of the footwall

were made, as follows:

• A continuous but complex damage boundary surface

was approximated from the mapped damage. The

movements in the footwall causing this damage had

not yet been observed in the form of ground surface

deformation. The surface deformation measurements

by GPS monitoring only indicated small and con-

tinuous deformation.

• Comparing with previous mapping, it was clear that the

progression of the damage surface into the footwall did

not follow the mining depth linearly. The rate of

progression seemed to be slower on shallow levels than

on levels closer to the excavation level (i.e., deeper

levels) during the studied period.

• At depths above mine level 740 m, the observed

fallouts appeared to be predominantly structurally

controlled. Below level 740 m, the damage seemed to

be mainly stress induced. Distinction between pre-

existing and mining-induced fractures were made by

examining fracture surfaces for weathering and infill,

comparing fracture orientation to predominant joint

orientations in the area (subjective comparison on-site),

and comparing to damage patterns corresponding to

known stress-damage mechanisms for the footwall as

described by Edelbro et al. (2012).

Additional mapping was performed for this paper on

levels not covered in the previous mapping campaign by

Nilsson et al. (2014). These were mostly on the deeper

levels: 795, 820, 878, and 907 m. The results from this

campaign were analyzed in the same way as that reported

by Nilsson et al. (2014). This second mapping campaign

showed similar patterns as reported above. It was also

Fig. 3 Profile view of the damage surface with the ‘‘construction’’ plane in blue (left) and including layouts of levels 320 and 775 m in black

(right), after Nilsson et al. (2014) (color figure online)
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noted that the conceptual damage boundary surface below

level 795 m bends eastwards towards the SLC front and

intersects the cave roughly on level 878 m.

4 Numerical Modeling of Large-scale Footwall
Fracturing

The mapping data present a good snapshot of the current

damage situation underground. However, to understand the

origin and development of the damaged volume, the be-

havior was studied through numerical modeling. The nu-

merical models were based on data for section Y23 situated

in the middle of the CA-area (Y21–Y25), which hosts most

of the critical infrastructure (cf. Fig. 2). The CA-area has

been inspected for damage on a regular basis throughout

the mine’s life. Y23 thus holds the best calibration data, as

the failure development can be back-tracked from inspec-

tion notes over a long period.

4.1 Modeling Approach and Numerical Code

It was considered necessary to model the footwall–ore

contact as a discontinuity, permitting opening and slip to

allow the caved masses to move relative to the footwall in

order to prevent excessive dragging effects. This implied

modeling the footwall using both a continuum and a dis-

continuum approach, with the continuum behavior being

related to the equivalent rock mass and the discontinuum

behavior being related to slip along the footwall contact.

Hence, the numerical code UDEC (Itasca Consulting Group,

ICG 2011) was selected for the analyses because of its ability

to simulate both continuous and discontinuous behavior. The

validity of the 2D modeling approach has been shown by

Malmgren and Sjöberg (2006), in which 2D and 3D model

results of the Kiirunavaara mine were compared and it was

concluded that a 2D model was sufficient to capture the

stress state in the mid two-thirds of the mine (along the y-

coordinate). Furthermore, Nilsson et al. (2014) also showed

that a representative shape of the conceptual damage surface

can be derived for any 2D mine cross-sections.

A perfectly plastic Mohr–Coulomb material was

adopted for the rock mass in the numerical model. Primary

inputs for the global rock mass were: internal cohesion (c),

internal friction angle (/), tensile strength cut-off (rt), and
the elastic deformation parameters were: Young’s modulus

(E) and Poisson’s ratio (m). A uniform density was applied

for the entire rock mass at 2,700 kg/m3. Excavation of

production levels and subsequent caving of the hanging-

wall were modeled in three steps. Explicit modeling of

discontinuities was used only for the post-excavation

footwall contact, which was given properties of normal and

shear stiffness (Kn and Ks), cohesion (c), friction angle (/),

and tensile strength (rt); the explicit values were refer-

enced from Malmgren and Nordlund (2008).

The production levels were excavated using the FISH

functions ‘‘Zonk’’ and ‘‘Relax’’ (Itasca Consulting Group,

ICG 2011). The ‘‘Zonk’’ function automatically detects

excavation voids within a model by identifying internal

boundaries. During a fictitious excavation cycle, internal

(reaction) forces are applied to the internal (excavation)

boundary corresponding to the pressures expected to be

applied from an unexcavated material. The ‘‘Zonk’’ com-

panion function ‘‘Relax’’ gradually decreases the internal

forces by ten equilibrium runs, ending with an applied

force of 0, which is the case of a fully excavated non-

reinforced opening (Itasca Consulting Group, ICG 2011).

This simulated gradual excavation process minimizes the

‘‘shock’’ in the model brought on by a sudden (instanta-

neous) removal of material from the model, which may

otherwise generate reaction stress waves propagating from

the newly formed void and overestimate yielding.

As the model reached equilibrium, the remaining

‘‘void’’ from excavation was backfilled by low-stiffness

cave rock; at the same time, the portion of the hangingwall

overlying the excavated zones was converted to cave rock.

The model was then run again to equilibrium, finalizing the

mining sequence of the level.

4.2 Model Setup

A model sized 4,000 m (width) by 2,800 m (height) was

constructed. These model dimensions were consistent with

the global model dimension used earlier by, e.g., Malmgren

and Sjöberg (2006). The surface features of the open pit,

such as the pit bottom, slopes, and crests, were referenced

and simplified from the LKAB mine maps and then built

into the model. The open pit bottom was estimated to be at

mine level 300 m, the footwall crest at level 60 m, and the

hangingwall crest at level 200 m (Z-zero is defined at the

now removed pre-mining peak of the Kiirunavaara moun-

tain). Excavation level floors were added at every 30 m,

with the first floor at level 330 m and the last at level

1,110 m. A total of 27 excavation steps were prepared. For

each excavation step, a vertical ‘‘cave column’’ was defined,

constituting the hangingwall zones overlying the excavation

block. The model was zoned with a uniform edge length of

15 m. As mining was simulated, the footwall–ore contact

was unlocked and allowed to respond to the changes in

stress state. The final model geometry is shown in Fig. 4.

The initial stresses applied to the model are shown in

Table 1. The in-plane horizontal stress corresponds to the

major horizontal stress component, which is aligned per-

pendicular to the orebody, while the out-of-plane horizontal

stress corresponds to the minor horizontal stress compo-

nent, which is aligned parallel to the strike of the orebody.
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The in-plane vertical stress corresponds to the in situ ver-

tical stress component. The depth dependent variables in

Table 1 were referenced from Sandström (2003), while the

constant values were chosen so that all stresses were equal

to zero at the footwall crest at level 60 m (model y-axis-60).

Compressive stresses are denoted as negative. Input

parameters for the footwall contact and the caved rock are

presented in Tables 2 and 3, respectively.

5 Modeling Results

5.1 Parametric Study

A parametric study was conducted for a vertical 2D cross-

section. The rock mass inputs are shown in Tables 2, 3, and

4. The input parameters in Table 4, c, /, rt, as well as

E and m, were calibrated until the yielded elements and

shear strain concentrations approximated the evolution of

the damage boundary surface as mapped at the studied

mine profile. The primary aim of the analysis was to

identify parameters with a strong influence on the modeling

results in order to judge the sensitivity of the results related

to changes in the input parameters. As a secondary ob-

jective, the results were compared to the calibration data

(the conceptual damage surface) to find ‘‘best fit’’ pa-

rameters for studying the rock mass behavior.

The sensitivity of the rock mass behavior to varia-

tions in the mechanical parameters was evaluated by

varying one parameter at a time (within plausible limits

derived from the literature), while keeping all the others

constant (see Table 5). The initial parameter values for

each set of analyses were retrieved from the literature on

the Kiirunavaara footwall as shown in Table 4. Each

parameter was varied within the ranges found in the

examined literature to evaluate the impact on pre-

dominant failure mechanisms. The sensitivity in the

plastic response, in terms of yielded elements and shear

strain concentrations, was evaluated. Some key results

from the sensitivity study are presented. For visualiza-

tion purposes, the principal results are plotted for ex-

cavation down to level 990 m (currently an active level).

The plot outline cut-off for shear strain is 0.05 % if not

stated otherwise.

Fig. 4 Model setup based on a

vertical cross-section across the

orebody

Table 1 Initialized stresses,

adapted from Sandström (2003)
Stress type rx (in-plane horizontal) ry (in-plane vertical) rz (out-of-plane horizontal)

Magnitude (MPa) 2.22 ? 0.037y 1.74 ? 0.029y 1.68 ? 0.028y

Table 2 Joint parameters (Malmgren and Nordlund 2008)

kn (GPa/m) ks (GPa/m) c (MPa) / (�) rt (MPa)

110 9 0 35 0

Table 3 Caved rock parameters (Villegas et al. 2013)

E (GPa) c (MPa) / (�) rt (MPa) q (kg/m3)

0.2 0 35 0 2,000
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In the first sensitivity analysis (Table 5), the sensitivity

of the model to variations in the tensile strength was

evaluated. The tensile strength was varied (over the range

of published values) from 1.3 to 0.4 MPa in three steps.

The principal results using tensile strengths of 1.3, 0.8, and

0.4 MPa are shown in Fig. 5. The influence of the variation

in the tensile strength is insignificant near the footwall–ore

contact. Farther into the wall, a lower tensile strength in-

curs an increased development of tensile failure from the

footwall ground surface; this increase was observed to be

significant only for the final reduction step from 0.8 to

0.4 MPa.

For the second analysis, the internal cohesion was varied

(over the range of published values) between 0.4 and

0.1 MPa in two steps (see Table 5); the principal results are

shown in Fig. 6. The boundary of the yielded area is vir-

tually unchanged within the set. However, as can be noted,

the extent and position of the shear strain concentrations

are notably affected. The decrease in cohesion facilitates

the formation of ‘‘shear bands’’ in the middle portion of the

slope, as well as a general increase in the number of af-

fected zones.

In the third analysis, the internal friction angle was

varied (over the range of published values) from 40� to 30�
in two steps. Similar to the changes in internal cohesion,

only marginal differences were observed in the outline of

yielded zones, while a significant increase in shear band

growth was noted in the shear strain concentration plots, as

shown in Fig. 7.

In the fourth analysis, the influence of the elastic pa-

rameter magnitude was briefly examined. Two combina-

tions of elastic parameters were used based on the literature

as E = 70 GPa, m = 0.25 and E = 13 GPa, m = 0.22, re-

spectively. Shear strain concentrations were plotted for

both combinations and compared; see Fig. 8. Note that the

contour interval for the shear strain concentrations differs

between plots A and B in Fig. 8. The magnitude of the

elastic parameters significantly influences the magnitude of

the calculated shear strain, but not the spatial location of

the shear strain concentration (‘‘shear band formation’’).

The influence on the extent of the yielded zone was neg-

ligible, as expected. Thus, for the subsequent analyses, the

models were assumed to be insensitive to magnitude var-

iations of the elastic constants within the studied span when

only localization of strain concentrations and element

yielding were used for evaluating plastic response.

The results from the sensitivity analyses show that, with

the current model setup:

• Variations of E and v have an insignificant effect on the

amount and extent of yielding.

• Variations in rt have a minor effect on plastic response

when c is set high or low.

• Variations in c have a significant effect on plastic

response when rt is high.

Table 4 Rock mass parameters from the literature cases

Source E (GPa)/m c (MPa) / (�) rt (MPa) Note

Literature cases

Dahnér-Lindqvist (1992) 18/0.25a 1.5 30 0.8 Study used empirical charts

Sjöberg (1999) 60/0.25 0.4 35 0.3 Numerical study in FLAC

Villegas et al. (2013) 13/0.22 1 37 0.8 Numerical study in FLAC

Henry (2000) 18/0.25a 6 35 0.4 Review of LKAB internal numerical and empirical analyses

Perman and Sjöberg (2011) 70/0.25 6.67 52.9 1.3 Numerical study in 3DEC, values named ‘‘low’’ values were

picked up from the study

a The deformation parameters were not given by the reference case and were, thus, estimated from the footwall RMR referenced from Sandström

(2003) and the simplified Hoek and Diederichs equation by Hoek and Diederichs (2006) with D = 0. The Poisson’s ratio was set to 0.25, as

chosen by Sjöberg et al. (2001) and Perman and Sjöberg (2011)

Table 5 Initial inputs used for the sensitivity analyses

Sensitivity

analysis

Parameter

varied

E (GPa)/m c (MPa) /
(�)

rt
(MPa)

1 rt 13/0.22 2 35 0.4

0.8

1.0

1.3

2 c 70/0.25 0.1 35 1.3

0.2

0.4

3 / 70/0.25 0.4 30 1.3

35

40

4 E/m 60/0.25 0.4 35 0.3

13/0.22

5 70/0.25 0.4 35 0.8

13/0.22
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• Variations in / have a significant effect on plastic

response when c is low and rt is high.

It should also be noted that the increase in tensile failure

indicators for the high cohesion models (first analysis)

could not be directly evaluated in models using lower co-

hesion values when studying the yielded zone plots alone.

Using internal cohesion values similar to those in the other

sets (analyses 2 and 3) produced relatively large numbers

of yielded zones near the ground surface, making the dis-

tinction between tensile and shear failure from plastic

indicators alone impractical (plots not included). However,

the observations on shear strain concentration being

marginally affected by changes in the tensile strength holds

also for lower values of internal cohesion down to

0.3 MPa.

The parametric study was used to identify the pre-

dominantly occurring failure modes and, subsequently,

formed the basis for model calibration to fit the numerical

behavior to the damages observed and inferred from the

field. As such, the study included just over 30 parameter

combinations, which are not all reported in this paper due

to the similarities between many of the cases where the

influence from parameter changes was only apparent when

studying the results in great detail. The small effects on the

overall behavior resulting from changes of rt, for both low

and high values (relative to the examined literature cases),

Fig. 5 Principal outlines of

relative plastic response for

changes in the tensile strength,

with the original block

geometry as a blue wireframe

(color figure online)
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were interpreted to mean that tensile failure would be an

unlikely global failure mode in the footwall. However, the

model cases featuring low values of rt (e.g., analysis 1,

step 3) indicated excessive tensile yielding outside the

studied area (tensile crack development from the ground

surface ‘‘behind’’ the footwall crest). This tensile crack

development was strongly related to the use of an

equivalent rock mass approach. In the in situ environment,

this is associated with the opening (normal displacement)

of unfavorable oriented joints or tensile cracks. As no

‘‘discontinuity opening’’ is possible within the numerical

block, the tensile stresses in the model are, instead, trans-

ferred to adjacent zones, leading to excessive indications of

yield. To minimize this effect, the tensile strength was set

to the highest value, as it was shown that tensile failure

would not occur in the studied area for low values of rt,
even if shear failure was counteracted by a high set of

internal cohesion (sensitivity analysis 1, Fig. 5). This ap-

proach was considered valid as the models were not used to

evaluate ground surface subsidence but the failure devel-

opment close to the footwall contact.

5.2 Model Calibration

The final results from the sensitivity analysis were used to

generate additional models. These were then evaluated in

order to determine the parameter combinations for which

the results would best approximate the observed damage

Fig. 6 Principal outlines of

relative plastic response for

changes in the internal

cohesion, with the original

block geometry as a blue

wireframe (color figure online)
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from the field. The cases with the closest match, presented

in Table 6, were then selected for further analyses.

The parameter choice was based primarily on shear

strain concentrations and secondarily on yielded zones.

Three types of shear strain concentrations were examined:

(I) The formation of shear bands which would

coincide with the conceptual damage boundary

from the mapping campaign.

(II) Shear strain zones originating from the excavation

area whose continuation into the footwall would

‘‘bind’’ together the conceptual damage boundary

in the upper part of the footwall with the

production area.

(III) The formation of shear bands (subparallel to the

observed damage) which would be located further

into the footwall than can be confirmed from the

current infrastructure.

The theory behind (I) and (III) is fairly well

established; if shear bands connect between two dis-

tinct surfaces, a (often circular) shear failure is indi-

cated. The assumption behind (II) is less general and

requires some geomechanical prerequisites of the rock

mass to be satisfied to have a clear physical meaning.

The damage mapping campaign showed that the stope

damage was predominantly structurally controlled

above level 740 m. This means that the rock mass was

mobilized primarily by sliding on, or opening of, pre-

existing discontinuities (often) running subparallel to

the ore contact. However, this mobilization requires

movement at the toe of the structurally controlled

Fig. 7 Principal outlines of

relative plastic response for

changes in the internal friction

angle, with the original block

geometry as a blue wireframe

(color figure online)
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failure, e.g., through a step-path type rock mass

failure.

5.2.1 Case Analysis

From the cases presented in Table 6, three distinct be-

haviors were simulated, which could all be correlated to the

observed damage as the simulation reached the current

production level of the studied block, i.e., level 990 m. The

sensitivity analysis indicated that the cohesion (c) and in-

ternal friction angle (/) significantly affected the model

behavior, while tensile strength (rt) and deformation pa-

rameters (E and v) had a lesser influence. This was again

made apparent by sorting the set-ups from Table 6 with

respect to cohesion and internal friction angle. Sorting with

respect to these strength parameters also facilitated the

cases to be categorized with respect to the inferred failure

mode; see Table 7.

5.3 Choice of Base Case

As indicated in Fig. 9, the observed damage could be ex-

plained by three distinct evolution paths. However, Fig. 10

indicates excessive element yielding for cases of low to

moderate cohesion values. It was concluded that the most

likely failure evolution path was described by the pa-

rameter combination depicted in Figs. 9e and 10e. Case 5

was, therefore, denoted as the ‘‘base case’’. In the base

Fig. 8 Contours of shear strain

concentrations for plastic

models with differing elastic

input parameters, with the

original block geometry as a

blue wireframe (color figure

online)

Table 6 Closest match parameter combinations from the sensitivity

analyses

Case number E (GPa)/m c (MPa) / (�) rt (MPa)

1 60/0.25 0.1 35 0.3

2 70/0.25 0.4 30 1.3

3 13/0.22 0.8 35 0.8

4 18/0.25 0.6 35 0.4

5 13/0.22 1.2 35 0.8

6 18/0.25 1.5 30 0.8
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case, the pattern of shear strain concentrations from the

excavation front intersects with the observed structurally

controlled failure, resulting in a step-path type failure de-

veloping in the model (but without explicit step-path joints

being modeled). This step-path is also indicated by the

mapping results where damage underlying level 740 m was

deemed to be mainly stress-induced, including propagation

of new fractures. As the rock mass expands into the low-

stiffness cave material from the SLC operation, it becomes

de-stressed. This results in the softened rock mass failing

along a curved shear failure surface, as illustrated in

Fig. 12. The shear failure intersects and mobilizes the

structures controlling the failure on the shallow levels. For

case 5, it is indicated in both Figs. 9e and 10e that the

damage would not follow the ore contact at shallow levels

but, instead, daylight in the open pit slope. This failure path

observation is supported both by earlier internal reports of

the presence of a subvertical structure within the vicinity of

level 300 m, as well as the fact that, despite the damages

observed underground, only minor and continuous defor-

mation have been observed on the ground surface (outside

the caving zone). The proposed evolution path of the large-

scale fracturing indicated by the base case in combination

with on-site observations is conceptually shown in Fig. 11.

A possible daylight of the subvertical structure is shown in

Fig. 13.

5.4 Considerations for the Monitoring System

It appears that a system for monitoring the long-term large-

scale footwall fracturing needs to function under a variety

of conditions, as the mapping and numerical analyses show

that the damage zone behavior will be different at shallow

and deep levels. Indeed, both the mapping data and the

numerical models suggest that the fracturing is most active

in the lower portions of the footwall slope. This conclusion

is also supported by micro-seismic localization data indi-

cating very low activity at shallow levels (Svartsjaern

2015). In combination, mapping and numerical modeling

data suggest that the conceptual damage boundary surface

follows pre-existing discontinuities in the upper and mid

portions of the footwall. Under these conditions, the

damage extent will be limited by the activation of these

discontinuities at deeper levels and can, thus, be expected

to move into the footwall in a step-by-step fashion, with the

step length set by the spacing of the discontinuities. This

means that the damage extent boundary, when moving

inwards, will do so by stepping to the next set of discon-

tinuities without significant damage to the rock mass be-

tween discontinuities prior to the ‘‘step’’; see Fig. 14. A

monitoring system should, thus, be required to be able to

detect or capture such behavior in the rock mass.

Any monitoring system installed in the upper parts of

the mine must tolerate large shear deformations concen-

trated in narrow regions (shearing of structures), while still

being able to also detect mobilization of new structures

located potentially tens of meters farther into the footwall.

In the planned monitoring, this will be achieved by in-

stalling multiple diameter time-domain reflectometry

(TDR) cables in boreholes drilled (as far as practically

possible) perpendicularly through the conceptual damage

surface. The multiple diameter TDR will allow the smaller

diameter cables to accurately monitor the shearing of

structures, while the larger diameter cables will ensure

continued monitoring even if relatively large movements

develop in any specific structure. In addition, the extension

of drifts running perpendicular to the orebody strike is

recommended to be monitored by means of a tape exten-

someter to detect rock mass movement towards the cave

zone.

For deeper levels, the monitoring system should ac-

commodate both shear and extensional movements within

Table 7 Results from analysis cases which approximated the observed damage

Inferred footwall slope failure Case number E (GPa)/m c (MPa) / (�) rt (MPa)

Top of footwall crest is sheared—theory (I) Case 1, Figs. 9a and 10a 60/0.25 0.1 35 0.3

Top of footwall crest is sheared—theory (I) Case 2, Figs. 9b and 10b 70/0.25 0.4 30 1.3

Shear bands connect the observed damage surface with the ground

surface—theory (III)

Case 3, Figs. 9c and 10c 13/0.22 0.8 35 0.8

Shear bands connect the observed damage surface with the ground

surface—theory (III)

Case 4, Figs. 9d and 10d 18/0.25 0.6 35 0.4

A shear ‘‘cut-off’’ is formed between the observed damage surface

and the cave zone—theory (II)

Case 5, Figs. 9e and 10e 13/0.22 1.2 35 0.8

A shear ‘‘cut-off’’ is formed between the observed damage surface

and the cave zone—theory (II)

Case 6, Figs. 9f and 10f 18/0.25 1.5 35 0.8
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the rock mass. Just as in the upper levels, the shear dis-

placements should be captured by, e.g., using multiple di-

ameter TDR cables installed in boreholes drilled through

the step-path zone. In addition, extensometers should be

installed parallel to the TDR cables to help in differenti-

ating the shear displacements from extensional rock mass

deformations.

6 Discussion

The failure evolution path indicated in Fig. 11 involves two

distinct types of failure mechanisms. At shallow levels

(above level 740 m), structurally controlled stope damages

along pre-existing structures are observed, whereas at

deeper levels, step-path type failures through rock bridges

Fig. 9 Relative shear strain concentrations with input properties according to Tables 2, 3, and 7 for mining to the 990 m level. The black lines

indicate the estimated position of the damage extent border from field observations
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are inferred by site observations and the numerical models.

Thus, two types of damage evolution are anticipated. At

shallow levels, the damage extent will likely follow

structures subparallel to the ore contact. However, this

damage is not considered likely to progress farther into the

footwall as long as the toe of the failure is confined. Sliding

along the structures requires a rotational movement of the

rock mass at deep levels towards the excavation area,

which could be facilitated by a curved shear surface in-

tersecting both the structures in question and the SLC zone.

In the current case, this curved shear surface is assumed as

a step-path type failure where intact rock bridges between

ore-parallel structures are fractured due to high concen-

trations of shear strain. It can, thus, be postulated that the

Fig. 10 Yielded elements with input properties according to Tables 2, 3, and 7 for mining to the 990 m level. The black lines indicate the

estimated position of the damage extent border from field observations
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damage extent at shallow levels is controlled not only by

the local structures at these levels but also by the evolution

of the rock mass failure at the deeper (underlying) levels.

The evolution of the step-path failure is expected to be of

an incremental nature continuing progressively. The step-

path assumption is strengthened by the mapping results,

which show predominantly stress-induced (crushing) fail-

ure and propagation of new fractures at levels below

740 m. A history of the outer extent of the shear strain

concentrations emanating from the excavation front can

also be delineated from yielded elements plots, e.g.,

Fig. 10.

The literature cases showed a large range in input

magnitudes for the Mohr–Coulomb material model, which

is not surprising, as the earlier models have been created

for a variety of purposes and, thus, different approaches.

For example, Dahnér-Lindqvist (1992) based their analysis

on empirical slope stability charts presented by Hoek and

Bray (1981), while Perman and Sjöberg (2011) used a

global–local model approach to study failure on the stope

scale. Henry (2000) studied the footwall fracturing with

respect to the water pump network (transporting water

from the mine to the ground surface) and based their

conclusion on both empirical charts as well as numerical

modeling by other authors. Villegas et al. (2013) were

primarily interested in the hangingwall. The closest match

to the current modeling aim was found in the stability

analysis by Sjöberg (1999).

Due to the validation approach (back-analysis with

failure replication) used for the parametric study, which

concentrated on the behavior and failure mechanisms of the

footwall, some of the parameter combinations used would

fit poorly to conventional Mohr–Coulomb failure en-

velopes. This was caused by some failures being ‘‘forced’’

by artificially preventing others, e.g., forcing tensile failure

by applying a high internal cohesion combined with a low

tensile cut-off. For some cases, tensile failure was inhibited

away from the studied area by the application of a higher

tensile strength than warranted by the internal cohesion–

internal friction combination. This was considered to be a

viable approach as the parameter study showed tensile

failures in the studied area to be unlikely, even at low

tensile strengths. The base case parameter combination best

approximated the inferred failures from the field observa-

tions by adequately simulating the equivalent rock mass

response but not necessarily the ‘‘actual’’ rock mass

properties. This limits the possible uses for the current

models outside the intended purpose.

All numerical models are sensitive to the input pa-

rameters. Even so, the geometry and geology must, in all

cases, be simplified. The choice to use the equivalent rock

Fig. 11 Proposed conceptual

evolution path of the large-scale

fracturing indicated by the base

case model

Fig. 12 Footwall displacement vectors (scaled) for the base case at

excavation level 990 m. The black line indicates the estimated

position of the damage extent border from field observations
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mass property approach in favor of explicit joint modeling

through, e.g., DFN or Voronoi tessellation may affect the

indicated failure mode, especially with respect to the pos-

tulated step-path failure. The problem with such explicit

modeling approaches is the availability of calibration data.

In the case presented, the numerical models were calibrated

with respect to the mapped damage and the inferred surface

connecting the observations. It was shown by the review of

earlier models that the assumed mechanical properties of

the rock mass components varied significantly depending

on the purpose of the model. Introducing additional pa-

rameters into the model, i.e., joint and fracture properties,

would, in this case, only add to the uncertainties, as the

calibration data would remain the same. In short, what was

studied was not the explicit rock mass properties but the

conceptual behavior of the entire system. It was, therefore,

opted to keep the model simple and lucid by limiting the

number of variable parameters. Future models within the

project will, however, require higher levels of sophistica-

tion to more directly study the footwall–cave rock inter-

action and the possible influence from rock mass structures.

The numerical models and damage mapping campaign

were combined to help explain the large-scale footwall

fracturing in the Kiirunavaara mine. They are both integral

parts, as each data set lacks in coverage and, thus, over-

lapping and co-analysis is essential for reliable conclu-

sions. Especially, damage mapping is restricted to

accessible stopes and that relatively large deformations are

required before definitive observations can be made.

7 Conclusions

This paper has presented results from damage mapping and

calibration of numerical models aiming to study the pre-

dominant failure mechanisms in the Kiirunavaara footwall.

The combined analyses were used as the foundation in

designing a large-scale measuring system to monitor rock

mass displacements in the footwall. The numerical models

have provided a plausible explanation of the evolution path

of the large-scale fracturing outlined by the mapping data.

Identification of underlying damage mechanisms did sub-

sequently allow for the requirements of a monitoring

Fig. 13 Daylight of a

subvertical structure in the open

pit footwall possibly

intersecting the damage surface

underground (coordinates are

only approximate)

Fig. 14 Stepping concept for the damage boundary surface in the

upper and middle parts of the footwall
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system to be specified. The major conclusions of this work

are:

• The propagation path of the large-scale footwall

fracturing in the Kiirunavaara mine varies with depth.

In the uppermost part of the footwall, the failure

follows pre-existing structure sets. These sets are

mobilized at deeper levels, allowing large-scale slip.

At depth, the structure sets controlling the failures in

the upper part are intersected by a step-path failure

resembling curved shear failure through the rock mass.

This step-path failure intersects the ‘‘footwall slope

surface’’ inside the sublevel caving (SLC) zone.

• The step-path failure at deeper levels is indicated to be

pre-conditioned by rock mass fracturing on and below

the active excavation level. The failure surface devel-

ops as the rock mass becomes de-stressed due to heave

or deformation into the SLC zone, allowing the pre-

conditioned rock mass weaknesses to mobilize.

• A system monitoring a potential large-scale fracturing

must be able to accommodate large concentrated shear

movement at shallow levels and extensional deforma-

tion in combination with possible diffuse shear at deep

levels.

By using the knowledge gained from this study, a pre-

liminary monitoring system design has been proposed,

from which a pilot profile is currently being installed.
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Technology (LTU). The authors also acknowledge the on-site con-

tributions during data collection by the LKAB research staff. Finally,

the authors wish to thank Adjunct Professor Jonny Sjöberg at Itasca
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Villegas T, Nordlund E (2008) Numerical simulation of the

hangingwall subsidence using PFC2D. In: Proceedings of

MassMin 2008, the 5th international conference and exhibition
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The general trend of increasing mining depths
throughout the world implies an increase in
mining-induced seismicity. Advances in
monitoring techniques have allowed more
seismic data to be collected and recorded, and
its importance is generally accepted across
various disciplines. This data has assisted in
predicting the origin of seismic events and
explaining the plausible underlying causes,
and in so doing, aiding strategic mine
planning. 

The link between mining and recorded
seismicity has been a focus of research for
many years. Notable recent works include
McKinnon (2006), who showed how even
small stress changes from mining activities
could activate seismic faults in volumes

proportionally much larger than the mining
area itself. These remote fault-slip events were
also recognized by Richardson and Jordan
(2002) as ‘type B’ events activated by long-
term mining. The ‘type B’ events described by
Richardson and Jordan (2002) were
recognized primarily as originating from
shear-type events which are commonly
associated with mining-induced seismicity
(Ortlepp, 2000). Shear-type and non-shear
events are most typically distinguished by
studying the ratios of energy carried by an
event’s P (primary) and S (secondary) waves.
This relation is referred to as the Es/Ep ratio
(Richardson and Jordan, 2002, Snelling,
Godin, McKinnon, 2013; Xu et al., 2014).

Separating seismic events by types and
categories allows for detailed analysis on what
are often otherwise significantly large data-
sets. Simplification and analysis by filtering
and clustering of seismic data is a common
first step when analysing located events, as
demonstrated by Lynch and  Malovichko
(2006), Richardson and Jordan (2002),
Orlecka-Sikora et al. (2012), Xu et al. (2014),
and Cesca, Sen, and Dahm (2014).

The basis for these analyses is the fact that
a seismic or acoustic event is an indication of
changes in rock mass properties due to
fracture slip and growth (Shen et al., 1995).
Cai, Kaiser, and Martin (2001) and Shen et al.
(1995) noted this fracture growth as a
reduction of the rock mass matrix stiffness.
This effect was also demonstrated by Young et
al. (2004), who observed a reduction in the
Young s modulus following recorded micro-
seismicity. The correlation between fracture
growth and subsequent stiffness reduction
was used by Agliardi et al. (2013) to track
progressive fracture growth leading up to rock
mass failure by measuring changes in GSI
(Geological Strength Index). Cai, Kaiser, and
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Martin (2001) used seismic data to directly characterize the
rock mass damage. The potential of using seismic data for
rock mechanical back-analysis was also explicitly recognized
by Mendecki, Lynch, and Malovichko (2010).

The current study comprises a micro-seismic event
database from the Kiirunavaara mine footwall which was
filtered and analysed with respect to temporal and spatial
distributions, as well as in the context of numerically
calculated stress difference concentrations and displacements.
A possible correlation between stress difference
concentrations and seismic event clustering was earlier
shown for the Creighton mine by Snelling, Godin, and
McKinnon (2013), while Moss, Diachenko, and Townsend
(2006) indicated an increase in seismicity near mobilized
rock mass volumes in the Palabora mine pit slopes. The use
of seismic data to track general rock mass damage is well
documented and a variation of techniques for doing so can be
found in a number of published studies (e.g. Cai, Kaiser, and
Martin, 2001; Young et al., 2004; Lynch and Malovichko,
2006; Xu et al. 2014; Abdul-Wahed, Al Heib, and Senfaute,
2006; Liang et al., 2013; Ma et al., 2013). 

The state of the rock mass at the Kiirunavaara mine,
particularly in the footwall, has previously been investigated
by Singh, Stephansson, and Herdocia (1993), Lupo (1996),
Sjöberg (1999), Henry and Dahner-Lindquist (2000),
Villegas and Nordlund (2008, 2013), and Svartsjaern (2015).
However, none of these studies have incorporated the mine’s
seismic event data. The mine started recording seismic events
on a larger scale in 2008, after previously installing a minor
system in 2003 following a trial system in 2000 (Henry et
al., 2001). Even though data was sparse, Henry et al. (2001)
indicated the possibility of using a larger seismic system to
track failure in the footwall rock mass. The study by
Svartsjaern (2015) concentrated on rock mass response in
the upper part of the footwall (0–600 m depth), while most of
the seismic events have been located at depths greater than
600 m. The predominant mechanisms suggested by Henry et

al. (2001) and Svartsjaern (2015) are closely related to the
theory of rock mass softening through seismic events. Part of
the seismic event database for the mine was therefore
extracted for this study in an attempt to relate it to the
footwall rock mass response described by Svartsjaern (2015)
and ultimately connect it to plausible large-scale fracturing in
this region. This is done by studying the location of seismic
shear events with magnitudes above a reliable minimum
magnitude cut-off.

The LKAB (Luossavaara-Kiirunavaara Aktiebolag)
Kiirunavaara mine’s orebody dips approximately 60 degrees
to the east. The mine’s infrastructure is located inside the
footwall rock mass, as are the majority of the geophones
constituting the current seismic monitoring system. Ore is
currently extracted through sublevel caving (SLC) after
transitioning from an open pit in the 1950s. The current main
haulage level is located on level 1365 m, which corresponds
to an actual depth below the ground surface of roughly 1100
m. The main orebody is mined from blocks designated with
lead digits of 16 to 45, which correspond to Y-coordinates of
1600 to 4500 m. Mining of these blocks is currently
performed between the (Z) levels 993 and 1051 m. For
modelling purposes a mine section within the middle two-
thirds of the strike length is commonly approximated as a 2D
plane strain profile as seen in the north-south direction.

The primary objective of the seismic system is to track events
that might be related to rockfalls and rockbursts in active
production areas to gain insight into the mine seismicity.
This has resulted in the bulk of the geophones being installed
in close proximity to the mining areas, with fewer geophones
in the upper 600 m of the rock mass. The arrangement of
geophones with respect to depth is shown in Figure 1.

�
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The first set of geophones at Kiirunavaara was installed
as a small test set-up in 2000 in an attempt to confirm field
observations of footwall rock mass movements in the upper
footwall and near the production level (Henry et al., 2001).
The data retrieved from this system was limited and the
principles differed from subsequent systems as a transition
was made from macro-seismic to micro-seismic sensors.
Installation of the current (micro-seismic) system began in
2003. Since then, the number of geophones has been
increased on a regular basis. A second large installation was
performed in 2008 due to increased seismic risks, which
made the system coverage mine-wide (relative to the
production areas); the system was later significantly
extended during 2012 and 2013. The current seismic system
includes more than 210 geophones by which the mine strives
to achieve a location accuracy of less than 20 m for -1.5 local
magnitude events (Stöckel, Mäkitaavola, Sjöberg, 2013).
Because of the different installation periods, the seismic data
pre-dating 2008 was judged to be less reliable as it was
recorded by much fewer devices. Data acquired from the
earliest arrays (installed in 2000) was collected using only a
few geophones and different principles. Consequently, co-
analysis of old and new data is discouraged.  Only data
collected after 14 November 2008 was included in the current
study.

The main footwall host rock is Precambrian-aged
trachyandesite with UCS ranging from 140–300 MPa and
RMR values in the range of 49–68 (Sandström, 2003).
Despite the rock being relatively competent, damage on the
decommissioned open pit footwall crest, as well as within the

footwall rock mass, has been observed since the late 1980s.
The current state of this large-scale damage pattern is
described in Svartsjaern et al., (2015), where it is proposed
that the mappable damage in the footwall involves three
stages as visualized in Figure 2A: 

� Rock mass weaknesses formed near the production
level are activated, resulting in mappable damage. The
degree of visual damage and extent of the damaged
volume depend on the confinement, resulting in a step-
path-like extent boundary that travels outwards
relative to the footwall contact with decreasing
confinement

� Further up in the footwall, currently above level 740 m,
the reduction in confinement has reached a magnitude
which allows the damage extent boundary to reach the
outer edge of the mining-induced rock mass
weaknesses. Deformation in the de-stressed rock mass
below level 740 m facilitates slip of natural ore-parallel
structures on overlying levels, which results in fallouts
related to these structures. The mappable damage in
this fallout zone is caused mainly by activation of
zones of weakness formed earlier within ‘the damaged
zone’ and damage associated with structure contacts.
Fresh fracture propagation is limited and the damage
extent boundary moves away from the footwall contact
by stepping from one structure group to the next
(Figure 2B). The shear movement in these structure
groups is observable up to around level 300 m, where
the displacement seems to be absorbed by subvertical
structures that daylight at the open pit footwall slope
face (Figure 2A).

Determination of magnitude completeness from convex Gutenberg-Richter graphs
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Due to the large quantity of seismic recordings collected
throughout the mine, a limited volume was selected for
detailed analysis. As it was opted to connect the study of the
seismic data to on-site failure observations, the mine profile
Y23 (refer to Figure 3) was chosen as the centre line of the
studied block, which also coincides with the location of the
central infrastructure. The mine infrastructure is relatively
dense at these coordinates, which allows access to the rock
mass on several levels. Seismic data was extracted for a
polygonal volume incorporating the footwall and footwall/ore
contact (including part of the hangingwall) covering depths
between level zero (initial ground surface before mining) and
the mine level 1400 m. The width was set to 400 m centred
on the profile Y23, resulting in a 200 m data collection zone
on the north and south sides of the model profile. With the
imposed limitation, the data constituted 35 119 localized
events with local magnitudes, according to Equation [1], of
between -2.8 and 1.7 for the period 14 November 2008 to 13
February 2014. 

ML=0.392 · log (Seismic potency, m3 )+0.272
· log (Seismic energy, J)-0.523 [1]

As can be noted from Figure 3, two distinct areas of
seismic activity are apparent; one near the production and
footwall-ore contact and the other, shown as a vertical
column, far into the footwall. The location of the far field
column corresponds to the location of the mine skip shafts.
Due to the likelihood of the far field data being generated by
skip operations and not mining-induced seismic events it
was decided to further spatially constrain the data by
excluding the column location from the sets. The remaining
events are referred to as ‘the full catalogue’ to differentiate
between the entire studied volume and any data subsets
within the sample. There are no orepasses located within the
studied volume. 

The source parameters of the seismic events were

calculated by the Institute of Mine Seismology (IMS) based
on the seismic records and accessed in a standardized text
format supplied by LKAB. Production and development blasts
were filtered from the data by IMS. Subsequent filtering and
event analysis was performed using the IMS software
Vantage (IMS, 2014).

Larger magnitude events are more likely to be detected by a
seismic system than small events due to the system
sensitivity and wave attenuation. Thus for each seismic
catalogue there is a limiting magnitude below which events
might have occurred in the monitored area without being
recorded. This limiting magnitude is called the minimum
magnitude cut-off or critical magnitude (Mc or M0). Mc is
defined as the magnitude at which the slope of a cumulative
Gutenberg-Richter graph (Gutenberg and Richter, 1949) first
deviates from linearity. The slope at any M in the cumulative
Gutenberg-Richter graph is defined by the Gutenberg-Richter
power law, log N(M > Mc) = a - bM, where a and b are
seismic parameters and the slope is ultimately given by b.
Naylor, Orfanogiannaki, and Harte (2010) describe
procedures to identify Mc by studying the variation in b for
different choices of M = Mc following the assumption that b
will exhibit an incremental increase while stepping through
the cumulative Gutenberg-Richter graph for M<Mc and
stabilizing for M Mc. 

Following the recommendations by Naylor,
Orfanogiannaki, and Harte (2010), b is estimated using the

maximum likelihood technique where   

and M
–

is the mean magnitude in the examined set and M
equals the binning width (in this case 0.1). The values of b
are calculated both for the full magnitude range M>Mc and a
truncated set where the bins containing less than 17% of the
events fulfilling M>Mc are ignored to minimize the influence
from chance large-magnitude events. The calculated values

Determination of magnitude completeness from convex Gutenberg-Richter graphs

�

4



of b are also compared to the automatically calculated b from
Vantage for the same seismic catalogue. To further reduce
ambiguity in the estimate of b the truncated values for b are
also averaged over two adjacent bins to account for any large
frequency changes between the bins. The values of b for
incremental steps from low to high magnitudes are shown in
Figure 4 together with the b value increment for each step. 

Based on the assumption of b-value stabilization at
M>Mc, the b increment diagram in Figure 4 indicates an
initial change in behaviour to relative stability at about M = -
1.7, where the increment changes from a steadily increasing
rise to a relatively stable constant increase. Setting Mc = -1.7
and applying the Gutenberg-Richter power law with the
corresponding values for b results in fitted lines that
overshoot the log-linear portion of the cumulative graph in all
cases (manual and Vantage calculations). In effect, the
occurrence of larger magnitude events is not realistically
represented. No plateau in the absolute b value vs. Mc can be
found in Figure 4. Instead, b increases incrementally for the
entire magnitude range M<0, only to show a stabilization of
the magnitude increment. 

To investigate the possible influence of origin
mechanisms on the b-value stability the data was filtered into

three subsets; shear-slip component events with a Es/Ep ratio
above 10 (Snelling, Godin, and McKinnon, 2013; Xu et al.,
2014), complex events containing both shear-slip and
tensile/volumetric components with Es/Ep ratios between 3
and 10, and tensile-component-only events with Es/Ep ratios
less than 3 (Hudyma and Potvin, 2010; Xu et al., 2014). As
evident in Figure 5, the calculated value for b does not differ
significantly between the subsets for M < -1.0 and there is no
arguable stabilization for any subset until Mc = 0. At Mc > -
0.8 the different origin sets return clearly different b-values
with a stable internal distance. At M = -1.0 the trend for the
tensile events is to return a higher b-value for the same M
than the other sets, followed by the complex set (less
pronounced) containing both shear-slip and tensile
components. This would be consistent with the indications by
Hudyma (2008a) that events with tensile/volumetric origin
will return higher b-values than shear-slip events. The trend
is lost at M = 0. This is most likely due to the small number
of tensile events in the remaining bins (68 out of 2513 total). 

Two potential Mc values are studied further: M = -1.0
where the b-value for the different subsets start to diverge,
and M = -0.8 where the differentiation between the b-values
for the sets is significant and stable. The resulting fits for Mc
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= -1.0 and -0.8 are shown in Figure 6. As can be seen, the b-
value adequately fits the log-linear portion of the cumulative
graph, but there is still a tendency in all the subsets to over-
represent the largest magnitudes.  

In general, the calculated b-value fits well to the
cumulative data plot. However, the representation is more
weighted towards low-magnitude events, with some
overrepresentation of higher magnitude events. The averaged
truncated calculation, in which the bins containing less than
17% of the events with M < Mc were ignored, results in
virtually the same magnitude values as those automatically
returned from Vantage (Figure 4 for M > -2) and shows a
good fit to the plotted data. As evident from Figure 5, the
value of b becomes unstable at M > 0. This break in trend is
almost certainly due to undersampling of the events, since a
complete catalogue of the potential large-magnitude events in
the studied area is unlikely to be adequately recorded during
the relatively short data collection period (approx. 5 years).

As discussed earlier, the resulting b-values differ
between the subsets based on the inferred origin mechanism.
As shown in Figure 6, when sorted by ascending b-value
(manual average) the subsets are ordered shear component
(0.87/0.92), complex (0.92/0.97), and tensile (0.97/1.09) for
Mc =-1.0 and -0.8 respectively. The corresponding b-values
from Vantage calculated using the same Mc are for the shear
events (0.89/0.93), complex events (0.93/1.01), and tensile
events (0.97/1.12) respectively. These results are in line with
the expected outcome given the findings of Hudyma (2008a)
that sets of shear-slip events will produce lower b-values
than sets of tensile/volumetric origin. The order of the
subsets represented in Figure 6 is reasonable as the complex
events with Es/Ep ratios between 3 and 10 are assumed to
contain both shear-slip and tensile components, thus this
subset should, with adequate sampling, result in a b-value
lying between the shear and tensile sets. This would indicate
that the Mc < -0.8 for this case leads to an undersampling of
the catalogue as no additional information becomes evident
at the higher cut-off, and that Mc = -1.0 is the best estimate
for the minimum magnitude cut-off and represents the

magnitude completeness. At Mc = -1.0 the subsets are
represented by 4465 (shear), 2536 (complex), and 781
(tensile) events. 

Location error is a semi-fictitious number based on the
difference between measured and theoretical arrival times
(based on the velocity model used) for an event multiplied by
a scaling number that is unique for each geophone. A
combination of the values from the geophones that registered
the event is then used to estimate an error for the estimated
event location (defining the size of the sphere in which the
event is likely to be located). As such, the location error is
not a true and absolute measurement in metres but rather
indicates the relative size of the volume of the ‘event location
sphere’. In this study the location error is automatically
calculated and given as an output by the mine’s seismic
system. 

The layout of the seismic recording system at the
Kiirunavaara mine results in low azimuthal coverage of
events located above level 700 m and beneath level 1200 m.
In Figure 7 the individual events with M > -1.0 are plotted
with respect to the calculated location error and depth. Error
locations larger than 50 m were removed from the plot for
visualization purposes (12 events). To further illustrate the
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depth-location error relationship the events are sorted with
respect to the mine level and shown in Figure 8 as box-plot
distributions (based on standard deviations). The box plots
are based on first and third quartiles, median values, and on
error standard deviations. Very few events are located within
a calculated location error larger than 15 m, which is lower
than the 20 m indicated as the mine accuracy threshold
(Stöckel, Mäkitaavola, and Sjöberg, 2013). About 50% of the
events have a calculated location error of less than 10 m. As
evident in Figure 8, the most well-located data is found
around level 950 m, which corresponds to the relative centre
of the mine seismic system. Beneath the system the relative
location error again increases to magnitudes similar to those
above the system as fewer wave paths are intersected. The
few events recorded in the footwall above level 300 m (floor
of the decommissioned open pit) are poorly located.

A comparison of the calculated location error for events
above and below the estimated cut-off magnitude, Mc = -1.0,
shows the need to accurately determine the minimum
magnitude cut-off. The event subset below the cut-off
magnitude, as indicated in Figure 9, is reported as better
located than the event subset with M > Mc (compare with
Figure 8). As the recording of low-magnitude events is more
sensitive to distance attenuation it is not surprising that the
M < Mc events are more concentrated at the system
installation levels (700–1200 m), as short travel distance is a
prerequisite for the wave energy to be recorded. This is also
apparent when comparing Figure 8 and Figure 9 with respect
to the average number of triggered sensors for each event
with respect to depth. Even though the low-magnitude events
are more abundant, each event is (on average) picked up by
fewer sensors. The representation of the low-magnitude
events in space therefore becomes skewed to potentially form
artificial clusters close to the sensor positions. As shown in
Figure 8 and Figure 9, an event of M > -1.0 at level 950 m is

on average picked up by 51 (median 30) sensors, while an
event at the same level with M < -1.0 is picked up by only 13
(median 9) sensors. For both subsets the number of triggered
sensors is likely to rise with an increase in magnitude, and
events close to M = -1.0 will have similar statistics for both
subsets. The location accuracy calculated from residuals can
thus not be used to decide which event locations to use for
analysis in place of the magnitude completeness. 

As previously indicated, the events where the Es/Ep ratio
suggests a shear-slip origin vastly outnumber the events
where the Es/Ep ratio suggests a pure tensile origin. Taking
into account the number of total events with M > -1.0, the
predominant failure mechanism in the studied area could be
argued to be shear failure as events, with indicated shear-slip
origin corresponding to 57% (4465 out of 7782), complex
origin 33% (2536 out of 7782), and tensile origin 10% (781
out of 7782) of the recorded events. It should be noted that
the relative distribution might be influenced by the sensitivity
of the seismic system, as shear origin events in general tend
to be of larger magnitudes than tensile origin events.
However, performing this simple origin analysis, based on
the Es/Ep ratio only, on the full set of events without
application of the lower minimum magnitude cut-off at -1.0
local magnitude did not affect the relative distribution
between the sets by more than a few units of percentage.
Without the minimum magnitude cut-off, events with
indicated shear-slip origin correspond to 60% (17574 out of
29084), complex origin 31% (8997 out of 29084), and
tensile origin 9% (2513 out of 29084) of the entire catalogue. 

The calculated values for the seismic Gutenberg-Richter
parameters (b and a) are presented for the estimated cut-off
magnitudes in Table I. As can be noted, the b-value changes
when a larger minimum magnitude cut-off is applied for the
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sets. This behaviour was explicitly shown also in Figure 6.
The b-values calculated for Mc = -1.0 fit reasonably well to
both large- and medium-to small-magnitude events but
overestimate the occurrence of the largest events. The reason
is that the ‘linear’ of the log cumulative graph of the studied
catalogue is in fact not linear as assumed by the power law,
which is most evident for the well-populated sets. This could
be caused by either the b-value changing in time or by the
analysed catalogue containing two or more ‘seismic areas’
with different parameters. 

In Table II, the b- and corresponding a-values were
calculated for the full catalogue with Mc = -1.0. With the
applied Mc the b-value remains stable over the years 2010–
2012 (note: only data for full years was studied). The seismic
activity, indicated by a, however, decreases steadily from
2009 to 2013. The same trend can also be seen in the (total)
number of events registered for each year as the numbers
reduce from 2009 (with the most events) to 2012 (with the
fewest events) followed by an apparent increase in events
again in 2013. Note that it is the total number of events
recorded that is on the rise, not the number of registered
events with M > Mc. It is also indicated that the ratio of event 

origin type (given by the Es/Ep ratio) remains similar for
2009–2012, while the ratio between indicated shear and
complex event origins significantly changed during 2013. It is
likely that this is the result of the geophone installation
campaign conducted during 2012 and 2013, with the new
system fully operational in late 2013. 

To investigate the influence of the ‘extreme’ years on the
b-value the years 2009 and 2013 (refer to Table II) were
filtered from the catalogue and the b-value was re-calculated.
As shown in Figure 10, this action has no discernible effect
on the calculated b-value with respect to Mc. The manually
calculated b-value averaged over two bins stabilizes around
M = -0.2 to 0, aligning with the Vantage calculation at -1.7 <
M > -0.2 (deviation between returned values for the two
calculation procedures is overall insignificant). The Vantage
calculation again shows a stabilizing trend after M = -0.2.
This is an indication that the convex decline of the
cumulative log plot in the Gutenberg-Richter graph is not
caused by variations of b-value in time, and that even though
the seismic activity in the area studied is seemingly reducing,
the magnitude distribution remains stable.

�
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In an attempt to identify any spatial variations in the b-
value, the event catalogue without any magnitude restriction
(Figure 11A) was filtered to include only specific regions in
the studied volume. The regions studied were the depth
intervals with small calculated location errors (Figure 11B,
inside the seismic system boundaries), level 800–1200 m
(see Figure 8), and events located in the footwall (Figure
11C, defined using the general orebody dip). Both spatial
limits contain a majority of the catalogue but the data that is
likely to have different properties has been omitted. In Figure
11B the events located outside the system, i.e., the far field
data, has been removed, while in Figure 11C the events
originating in the caving hangingwall and flowing cave rock
were excluded. In all cases (Figures 11A–D) the sharp line on
the left indicates the boundary of the studied catalogue. As
evident in Figure 12, on the b-value stability there is an

apparent pivot point at M = -1.0, around which the filtered
data seems to rotate compared to the unfiltered catalogue. For
both spatial filters the difference with respect to the unfiltered
catalogue at M < -1.0 is notable as both sets return nearly
identical b-values which are both slightly higher than for the
full catalogue. At M > -1.0 the ‘footwall’ filter (Figure 11C)
does not seem to have any effect as the returned b is virtually
identical to that of the full catalogue. However there is a
noticeable effect from the depth filter (Figure 11B) as the
corresponding b -alue does not increase as fast as for the full
catalogue and for the ‘footwall’ filter. In fact, the increase in b
value for the depth filter groups is negligible between M = 
-1.0 and -0.3. Combining both filters, i.e. evaluating only
events located in the footwall and between levels 800 and
1200 m (Figure 11D) returns a b-value that is arguable
stable between M = -1.7 and -0.4, whereafter it becomes
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unstable again, likely due to undersampling. The fitted
power-law and the events from the combined filters are
shown in Figure 13; the deviation from linearity due to
undersampling shows as a ‘drop’ at M = 0.5.  

The convex shape of the cumulative Gutenberg-Richter
graph for the full event catalogue is concluded to be system-
induced. By eliminating the events located outside the
seismic array the convexity of the graph is eliminated and the
remaining set fits the log-linear power law. The spatial
filtering allowed for 13 608 out of 29 084 events to be
analysed as one set with stable seismic parameters. The
indicated Mc for the spatially filtered set is -1.7, while for the
full set the b-value stability indicates Mc = -1.0. The
significant difference is unsurprising given the apparent
sensitivity of the calculated b-value with respect to the
system spatial proximity. The b-values calculated for the
spatially filtered set, 0.87–0.93, are in fair agreement with
the b-values calculated for the full catalogue when
considering also the event origin, i.e. Mc = -1.0, 0.87–0.91.
The origin distribution within the double set is similar to the
full catalogue with shear-slip, complex, and tensile events

making up 68%, 26%, and 6% of the events with M > -1.0
respectively. Evaluating the b-value for each set at Mc = -1.0
returns (from Vantage) 0.94, 0.92, and 0.88 for shear,
complex, and tensile events. As for the full catalogue, this is
argued to be unreasonable due to the different origins. 

As shown in Figure 14, the calculated b-values (for the
double-filtered set with respect to the different event origins)
do not start to differentiate significantly until Mc = -0.8, just
as for the full catalogue (see Figure 5). Calculating for Mc = 
-0.8 again returns b = 0.92–0.94 for the full set, while the
components from the different origins are sorted as; 0.87–
0.92 (manual–Vantage), 0.97–0.99, and 1.00–1.02 for shear,
complex, and tensile events respectively, with tensile events
returning a higher value than shear-slip events as expected.
The change in Mc from -1.0 to -0.8 has no significant effect
on the origin distribution. The distribution of the origin
mechanisms for the double-filtered set shows the same trend
as the full catalogue (based on Es/Ep ratio), both showing a
predominance of shear-slip component events.  

The calculated value for the full catalogue based on the b-
value stability alone was in this study subjective as the
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Gutenberg-Richter graph was convex. The convexity is
shown to be system-dependent as different b-values are
returned for the events located inside the confines of the
seismic system than for the events located outside. The
events located inside the systems fit well to the log-linear
assumption of the Gutenberg-Richter power law as the graph
shows negligible convexity. The b-value is common for all
sets at a minimum magnitude cut-off of -1.0, which also
results in fitted log-linear parameters that adequately
represent the events located inside the system for events with
M > -2.0. Identifying the magnitude at which the individual
origin sets (shear, complex, and tensile events) can be
separated by studying the individual b-values also suggests
the magnitude completeness at M = -1.0. At M < -1.0 the
different origin sets cannot be positively distinguished from
each other, regardless of whether the studied volume
contains the full catalogue or only the inside system events
are studied. At M > -1.0 the events are sorted in ascending
order of tensile, complex, and shear events by the returned b-
value, as expected from literature experience. Moving the cut-
off further to Mc = -0.8 does not reveal any additional seismic
information but indicates the same trends as shown already
at Mc = -1.0 for both the full catalogue and the subsets. The
use of b-value differentiation based on origin mechanisms to
identify the magnitude completeness thus seems to eliminate
some of the system location dependency indicated for the b-
value stability approach.

The event catalogue was filtered with respect to a cut-off
magnitude of -1.0 local magnitude. Events of lower
magnitude were not incorporated as the non-differential b-
values for M < -1.0 indicate that the events with lower
magnitudes are not accurately represented in the studied
catalogue. The event locations are analysed with respect to
the footwall damage hypothesis proposed by Svartsjaern et
al. (2015).

In Figure 15 the tensile event locations are coloured with
respect to the main active production level at the time the
event was recorded. Also shown in the figure is the simplified
geometry of the mine at profile Y23, finalized production
levels, and the conceptual boundary of the mappable damage
to the infrastructure by Svartsjaern et al. (2015). The event
locations show a significant scatter with little or no clustering
above level 1200 m. Most of the events occur far below the
production area and thus remote from the boundary of the
systematically mappable damage. The far field scatter
indicates general large-scale stress redistribution from the
mining but no significant direct reaction to the excavation of
each respective level. It is not possible to trace the outlines of

the damage extent boundary from the tensile event locations.
This result is in line with the proposed damage hypothesis,
where mappable failure above the production level is
proposed to be caused primarily by activation of previously
formed zones of weakness, not by fresh fracture propagation. 

Plotting only the shear events shows clear clustering;
firstly near the active production level and secondly close to
the footwall contact at level 1200–1400 m (Figure 16). There
is no correlation between the shear event locations and the
postulated shearing structure groups in the upper footwall,
i.e., above level 740 m. A likely reason would be that the
structures are slipping continuously without any significant
strain accumulation. Any energy released from continuous
shearing along the natural structures in this area is then
attenuated before being registered by the seismic system. The
assumption of continuous slip is supported by a handful of
vibrating wire joint shear gauges installed over individual
joints in the upper footwall. The gauges indicate continuous
subvertical shear of individual joints in the order of a few
millimetres to fractions of a millimetre per year. Principal
readings are shown in Figure 17.

The upper ‘shear cluster’ surrounds the production area
shown in the footwall as a ‘half cylinder’ with the long axis
parallel to the orebody strike. The cluster centre position
moves downwards with the mining and shows increased
scatter with increasing distance from the footwall contact.
The stress difference within the cluster volume is relatively
high as it coincides with the footwall ‘slope toe’. Large
differential stresses are indicated at one to two sublevels
below the main mining level, together with a de-stressing
zone above the mining level (Figure 18). Several events are
located outside the high stress difference zone, but apart
from the second clustering at levels 1200–1400 these events
show large scatter. The stress difference plots, which were
produced from the UDEC (Itasca, 2011) model designed by
Svartsjaern et al. (2015), give a simplified but robust picture
of the stress redistribution during mining. 

The clustering of shear events near the production level,
together with the deviatory stress plots, indicates a region of
active fracturing at the footwall ‘slope toe’. This supports the
failure theory where mappable damage in the upper part of
the footwall is postulated to be a symptom of a confinement-
dependent response to rock mass damage formed earlier close
to the production level. The event origin based on Es/Ep
ratios suggests that the rock mass response to the stress
redistribution is shear-dominated, since events with only
shear-slip component follow the same pattern as events
containing both shear-slip and tensile components (see
Figure 19), while events with pure tensile components show
significant scatter with no apparent clustering (Figure 15). 
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The numerical model does not explain the origin of the
lower cluster. The apparent ‘disappearance’ of the cluster for
the mining step 964 993 is caused by the imposed spatial
limit on the studied seismic catalogue as the cluster simply
‘migrates’ out of the studied volume. The origin and
migration path of this cluster warrants further study, but
possible explanations include footwall-ore contact
interactions, development work connected to level 1365 (new
haulage level commissioned in part during 2013), or possible
activation of seismically significant structures.  

The analysed seismic event locations do not form explicit
bridging patterns that could be directly linked to observed
damage. Even so, the concentrations of seismic event
locations close to the mining level could be considered in the
context of seismic softening of the rock mass as described for
the Creighton mine by Snelling, Godin, and McKinnon
(2013). Seismic softening was earlier indicated for the
Kiirunavaara mine by Henry et al. (2001) and a general
reduction in rock mass integrity below the excavation level
was anticipated by Svartsjaern (2015). The earlier damaged
rock mass (Svartsjaern, 2015) is postulated to mobilize as
the mining front passes the studied level due to loss of
horizontal confinement resulting from replacing relatively
stiff ore with low-stiffness cave rock from the hangingwall.

Stress analyses show that clustering of seismic events
could indicate areas of high differential stresses. The
formation of the deep-seated seismic cluster cannot be
explained by the continuum numerical model utilized. It is,
however, considered likely, based on the spatial location, that
the cluster is related to some type of footwall-orebody
interaction. Characteristic seismic sources related to

formation of event clusters are described by Hudyma
(2008b), including the activation of faults or similar brittle
structures. Sandström (2003) describes the footwall-ore
contact as containing a higher concentration of skarns and
breccia and showing a lower RMR than the footwall in
general. There is a potential for this contact zone to show a
similar seismic response as a brittle fault with concentrated
event localization. Some indications in this direction can be
found in Henry et al. (2001), where the interpreted far field
seismicity is proposed to originate from slip parallel to the
orebody. Conclusive evidence of the influence of a footwall-
ore contact fault-like zone is, however, currently not
available. The fact that the indicated location of the deep-
seated cluster (beneath level 1200 m) is well below the
boundary of the seismic system, which reduces the location
accuracy and entails a possible bias in event localization,
should also be taken into account. Further analysis of the
lower cluster, such as possible correlations with development
drifting below the excavation level, was beyond the scope of
this paper. This limitation was imposed for two major
reasons; (i) the cluster was indicated at the spatial boundary
of the data and it could not be tracked in full, and (ii) the
cluster was indicated in a volume of low azimuthal coverage. 

The tensile origin events recorded in the studied area
indicate the occurrence of brittle failure in the form of fracture
propagation through intact rock. The tensile events
constituted only a minor portion of the event cloud and were
scattered throughout a relatively large area. The location
scatter indicates that brittle failure is not well confined to
certain regions but is a sign of general stress changes in the
footwall rock mass. Tendencies could be discerned for some
clustering of tensile events at the intersection between the
conceptual damage extent boundary proposed by Svartsjaern

�

14



(2015) and the SLC area, but the low number of events
makes the correlation uncertain. Instead, the direction of the
major virgin principal stress (perpendicular to the orebody)
entails significant stress-redistribution in the footwall from
the mining advance (Sandström, 2003). Thus, brittle failures
throughout the footwall rock mass with wide scattered tensile
event locations would be expected.  

The non-tensile origin events were analysed with respect
to numerically calculated displacements. The results indicate
that clustering of seismic events in a volume changes from
heavily confined (high differential stress) to de-stressing,
which suggests inhomogeneous movement and dilatation.
The relationship between mobilized wall regions and
concentrations of seismicity was indicated for the Palabora
open pit by Moss, Diachenko, and Townsend (2006). Rock
mass movements resulting in the observed damage in the
upper parts of the footwall could not be clearly traced by the
analysed seismic data. The baseline for tracking rock mass
failure using seismic recordings is that fracture growth and
slip is accompanied by distinct micro-seismicity which can be
picked up by the seismic arrays. Intrinsic to this approach is
that slip along a plane is discontinuous over time. Elastic
strain energy accumulates over a slip surface until the surface
yields and shears, accompanied by the release of energy in
form of micro-seismicity. However, if the slip is constant and
continuous over time then very small amounts of elastic
strain energy will accumulate. The energy released from
small elastic strain buildups will also be inherently small and
likely to fall below the recording threshold of the seismic
arrays. The few available measurements of individual
shearing structures on levels 320 and 509 m indicate
continuous shear displacements in the order of a few
millimetres to fractions of a millimetre per year. In addition,
owing to the relatively large distance from the seismic
system, near the production level, to the upper part of the
footwall, the low-magnitude micro-seismicity that would be
generated by the described process will attenuate before
reaching the system.

The separation of event origins in terms of shear, shear-
component, and tensile events based only on Es/Ep ratio
does impose some limitations compared to a more in-depth
analysis of origin parameters. The indicated thresholds used
to differentiate between event origins should be considered
as conceptual and some overlap between the groups with
respect to the true origin is likely.    

Seismic data was extracted for the central portion of the mine
and analysed with respect to event origin determined using
Es/Ep ratios and b-values from Gutenberg-Richter graphs.
The analyses indicate that the majority of the events
originate from shear-slip-type failures. The predominance of
shear-slip events below the main excavation level agrees with
the arguments presented by Svartsjaern (2015) that a
confinement-dependent large-scale damage extent boundary
is actively developing between level 740 m and the current
main excavation level. However, it should be noted that the
purpose of this study was not to predict where seismic events

are likely to occur. Rather, the purpose was to use the
recorded seismicity to track regions of active fracturing and
failure in the footwall rock mass by clustering of seismic
events. Hence, seismic records have been analysed in relation
to the spatial and temporal patterns as well as to numerically
calculated stresses. The following are the major findings of
this study.

� By separating the seismic catalogue based on the event
origins into shear, complex, and tensile events a
representative b-value indicating the magnitude
completeness can be identified for a convex Gutenberg-
Richter graph by finding the minimum magnitude cut-
off at which the b-values differ between the sets

� Clustering of shear events near the production level
together with the differential stress plots indicates a
region of active fracturing at the footwall ‘slope toe’

� A predominance of seismic events with Es/Ep ratios
above 10 observed below level 700 m indicate that the
main failure mode of the rock mass below this level is
shear-dominated. The second largest group of events
contains both shear-slip and volumetric failure
components (complex set)

� Continuous sliding along the discontinuities in the
upper part of the footwall, where mappable damage has
been documented, has so far not resulted in micro-
seismicity with magnitudes large enough to be recorded
by the seismic system

� The analyses have not revealed a direct correlation
between seismic location data and observed damage
resulting from large-scale deformations. It is, however,
postulated that the seismic events lead to a softening of
the rock mass, which in turn allows increased rock
mass deformation on the upper levels in response to
decreasing confinement.
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Underground Footwall Monitoring  
at the Sublevel Caving Mine – 
Kiirunavaara, Sweden
M Svartsjaern1, D Saiang2 and K Mäkitaavola3

ABSTRACT
The Kiirunavaara mine is a large-scale (28 Mt per annum) iron ore mine located in northern Sweden. 
The mine is owned and operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB) using sublevel 
caving (SLC). The SLC area underlies an open pit decommissioned in the 1950s, the current main 
SLC haulage level is situated at an depth of 1100 m. The main orebody dips 60 degrees to the east 

1980s damage has been observed both in the footwall rock mass as well as on the footwall crest 
of the open pit. Recent investigations indicate that the underground footwall damage is primarily 
controlled by large-scale slope failure mechanisms. Structurally controlled near-vertical planar 
shear failures in the upper footwall appear to be driven or facilitated by a step-path like curved shear 
failure situated in a zone starting ca 250 m, and intersecting the SLC about 100 m above the active 

designed and installed to monitor the expected rock mass displacements indicated by numerical 

(TDR) coaxial cables installed in the footwall both across and away from an estimated damage 
extent boundary to monitor shear movements along natural joint surfaces. The TDR installation 
is combined with long extensometers to facilitate differentiation between diffuse shear and rock 
mass normal expansion. Additionally, a low-tech system of tape extensometer lines are installed 
in drifts and stopes running perpendicular to the ore strike to monitor horizontal displacements 

mined out areas are replaced by caved rock from the hanging wall.

INTRODUCTION
Over the last 30 years the Kiirunavaara mine has experienced a 
slow but progressive fracturing and movement in the footwall 
rock mass, which is directly related to the sublevel caving 
(SLC) method. SLC is a cost-effective mass mining method 
which allows for a high level of automation but inherently 
causes the host rock, particularly on the hanging wall side, to 

progressive caving is a prerequisite for optimal performance 
of the operation. As mining progresses the footwall contact 
becomes destressed and assumes a slope-like geometry. The 
footwall ‘slope’ is partially supported by the caved rock masses 
from the hanging wall (Villegas and Nordlund, 2008). Despite 
this, damage on the footwall crest of the open pit and within 
the footwall rock mass has been observed since the late 1980s.

It is crucial to accurately forecast the global stability of 
the footwall at the Kiirunavaara mine for its continued 
operation with increasing depth, including the design of 
mine infrastructure located both in the footwall and on the 
ground surface close to the footwall crest. Even though most 

of the production-critical infrastructure (skip shafts, crushers 
etc) is located at a considerable distance from the ore contact, 
a large-scale movement or failure in the footwall could 
drastically impede the mining operations.

The progressive failure of the footwall at the Kiirunavaara 
mine has been studied by a number of authors (eg Singh, 
Stephansson and Herdocia, 1993; Lupo, 1996; Sjöberg, 1999; 
Villegas and Nordlund, 2008, 2013; Svartsjaern et al 2015). 
The theories proposed by various authors have differed 

behaviour being controlled by tensile mechanisms (Singh, 
Stephansson and Herdocia, 1993), structural shear and wedge 
formation (Lupo, 1996), curved shear failure (Sjöberg, 1999) 
and local limited damage processes (Villegas and Nordlund, 
2008, 2013). The latest study (Svartsjaern et al 2015) proposes 

from natural structures in the upper destressed regions of the 
footwall and local fracture propagation at the highly stressed 
footwall toe. To verify this hypothesis a monitoring system 
has been designed and installed to monitor the rock mass 
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movements associated with the predicted mechanisms. This 
paper focuses on the design and installation of this monitoring 

cables, borehole-extensometers and tape extensometer lines. 

the general hypothesis concerning the footwall instability at 
Kiruna mine, which is then followed by design and installation 
of relevant monitoring systems to verify the hypothesis and 
thus provide a prognosis tool for the mine as it progresses 
deeper.

THE KIIRUNAVAARA MINE
The Kiirunavaara mine, near the city of Kiruna in northern 
Sweden, is a large-scale iron ore SLC operation producing 
roughly 28 Mt (million metric tonnes) of crude ore per 
annum. The main haulage level is on level 1365 m, roughly 
1100 m from ground surface (level denotation originates at 
mined out mountain peak, ground surface is current). Initial 

Underground mining in various forms (eg open stoping and 
SLC) has been performed since the early 1960s. Prior to this 
the ore was mined by open pit, today however SLC is the sole 
mining method utilised at Kiirunavaara.

The main orebody strikes roughly north–south and dips 
generally eastwards at 60°. The continuation of the orebody 
with depth indicates a trend of mineralisation to deplete in 
the south and densify in the north, giving the orebody a dip-
along-strike to the general north. This in turn has resulted 
in the mine migrating away from the former open pit area. 
The current mining area is partly located underneath the 
(now partially drained) lake Luossajärvi, the mineralisation 
beneath the lake was not exploited by the open pit operation 
wherefore mining in this area (designated simply as ‘the Lake 
Ore’ or ‘Sjömalmen’ in Swedish) is mined about 100 m or 
three SLC levels above the rest of the mine.

As for naming and orientation of infrastructure a local 
right-hand 3D coordinate system, as illustrated in Figure 1, 
is used. The local Y-axis is approximately oriented north to 
south and follows the general strike of the orebody. As the 
overall strike of the infrastructure corresponds to the ore 
strike the Y coordinate is the main component of any object 
denotation. Access drives, orepass groups, ventilation shafts, 
etc, are given a name starting with the object description 
followed by the central Y coordinate, eg a road spiralling 

around the Y coordinate 40 would be denoted road 40 while 
a ventilation shaft at Y 24 would be called Shaft 24 intake-

the right-hand rule the X-axis is oriented roughly west to 
east and X coordinates increase in the eastwards direction 
(into and beyond the hanging wall). The Z coordinates 
increase with depth (with zero at the premining peak of 
the Kiirunavaara mountain) and Y coordinates increase 
southwards, infrastructure located at lower coordinates 
than Y12 are considered positioned in the Lake Ore area.

Mining of the roughly 4 km orebody is performed in 
production blocks with the block names given by the 
Y coordinate at the block access drift. Each block is roughly 
400 m wide resulting in the blocks 9 and 12 (Lake Ore) 16, 
19, 25, 28, 33, 37, 40 and 45 counting from north to south. 
Blocks are mined between the levels 935 and 1051 with the 
shallowest blocks being the Lake Ore blocks. The individual 
mining levels are separated by a 30 m vertical offset. Access 
to the blocks is by vertically spiralling roads and horizontal, 
ore parallel, transportation drifts. The main permanent 
infrastructure (skip shafts, crushers, workshops, etc) is 
located in the CA area (abbreviation of Swedish ‘Centrala 
Anläggningar’ or Central Facilities) between Y22 and Y25 at 
a relatively large distance from the footwall contact. The CA 
area is connected to the horizontal transportation drifts by 
CA access drifts running perpendicular to the ore strike. A 
graphical layout of the underground infrastructure is shown 
in Figure 2.

With the footwall hosting all the life-of-mine infrastructure, 
knowledge of the long-term behaviour of the rock mass is 
imperative. In 2013 a comprehensive study of the footwall 
behaviour was initiated by LKAB in cooperation with Luleå 
University of Technology. The main deliverables of the project 
are prognosis tools for the future behaviour of the footwall 

the current large-scale fracturing patterns in the footwall is 
essential for reliable prognosis.

MONITORING DEFORMATION AND FAILURE
The close interconnectivity of deformation and rock failure 
for both intact rock and rock masses is well established 

Measurements of properties and behaviours of rock masses 

limited site access most often granted. Displacement is one 
of the few attributes in a rock mass that can be directly 
measured, but here there are also limitations. In many cases 
total displacements (end position – virgin position relative 

FIG 1 – Perspective view of the Kiirunavaara mine open pit 

area with coordinate orientation (Svartsjaern, 2015).

FIG 2 – Principal layout of the Kiirunavaara mine underground 

infrastructure (image courtesy of LKAB).
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deformation measurements underground are in practically 
all cases, in fact records of relative displacements without a 

the total strain at fracture initiation for concrete or intact rock 
samples may prove inadequate as the total strain in the rock 
mass might not be measurable for direct comparison. While 
there are examples where rock mass damage has successfully 
been related to numerical total displacements, eg Cavieres 
et al (2003) for the El Teniente mine, it would make more 
sense to connect damage criteria to relative strain or relative 
deformation rather than the total magnitudes.

The characteristic failures found in the upper to mid portion 
of the Kiirunavaara footwall are mainly normal opening of 
ore parallel structures leading to shotcrete cracking and 
observable structural shear. These types of damages are 

that extends from the cave limit (total stope collapse into 
SLC or block cave) to a point farther from the contact where 
systematic damage is no longer observed (Brown, 2007). This 

paper to the conceptual damage extent boundary as used in 
Svartsjaern et al (2015).

divided into three zones:
1. the cave zone closest to the footwall contact characterised 

by complete stope collapse
2. 

in the infrastructure
3. undamaged rock mass.

The sometimes diffuse or subjective border between the 
zones two and three is termed ‘the conceptual damage 
extent boundary’.

Mapping of footwall damage
Mapping of damage and fallout in the footwall infrastructure 
is continuously performed in the active production areas. 
The use of SLC as a mining method however leaves behind 
a great deal of decommissioned medium term production 
infrastructure on levels overlying current mining. This vast 
decommissioned infrastructure is seldom surveyed and 
sporadically at best outside the CA area. The upper part of 
the footwall was mapped for damage at accessible locations 
and reported in Nilsson et al (2014). Damage mapping was 
performed to gain contemporary locations for damage 
throughout the footwall to analyse large-scale spatial 
fracturing patterns and to record the mechanisms dominating 
the damage behaviour at different locations. Continued 
damage mapping in the decommissioned infrastructure is 
now regularly performed, which was reported in part by 
Svartsjaern (2015). The study of local damage mechanisms 
indicated three dominant types that correspond with the 
depth from ground surface:
1. In the uppermost parts of the footwall (in this paper 

zone A) rock fallout and shotcrete damage is primarily 
related to displacements in structures. The majority of 
the documented fallouts are blocky, many of the blocks 

geometry is often clearly related to the local joint fabric 
and several examples of structure normal displacement 
(ore perpendicular) or shotcrete damage along shearing 
structures (at angle to ore strike) is noted.

2. In the lower-mid part (in this zone B) of the footwall rock 
fallout consists of smaller blocks formed by fractures of 
seemingly random orientations (not corresponding to 

local joint fabric), block edges were generally clean (no 

suggests stress related fracturing related to principal 
stress rotation as described by Edelbro et al (2012).

3. In the lower or toe region of the footwall (in this zone C) 
shearing of structures, seismic damage and pillar/corner 
crushing are primarily noted.

Analysis of the large-scale spatial fracture pattern allowed 
for the establishment of the conceptual damage extent 

undamaged zone. It was noted that the volume closest to the 
footwall contact is notably damaged with increasing intensity 
closer to the contact. Moving away from the contact into the 
footwall the damage intensity decreases up to a point where 
no damage is observed. This point, at least in the upper parts 
of the footwall, ie zone A, is generally bounded by natural 
structures (large-scale joints) striking subparallel to the 
orebody. Shearing along these structures indicates a generally 
downward shear movement along the dip of the structures. 
The displacements are recorded using vibrating wire shear 
gauges installed along the structure dip. Only a few distinct 
joints are monitored but the trends are similar while the 
magnitude differs from a few millimetres to a few fractions of 
a millimetre per annum between the different structures. The 
conceptual behaviour in the upper footwall and the principal 
shear gauge results are shown in Figure 3. Note that each 

not show the displacement rate of the rock mass, or even the 
structure group, as a whole.

The evidence of structurally controlled failures at the 

with increasing depth from the ground surface, ie zone B and 
even more so in zone C. The pattern is fairly consistent as long 

dip. About 250–200 m (depending on Y coordinate) above the 
current extraction level the damage seems to curve inwards 
towards the SLC and the clear correlation is lost (indicated 
intersection with the SLC occurs about 100 m above current 
extraction). It is assumed that this change in behaviour is 

of cave rock in the SLC.

Rock mass damage in the footwall caused by 
mining
As the orebody is mined and replaced by caved rock from 
the hanging wall the major principal stress, in this case the 
horizontal stress which is aligned perpendicular to the 
orebody, is diverted to concentrate at the toe of the footwall 
(Sandström, 2003). This entails a high stress zone near and 
just below the production areas. Svartsjaern (2015) showed 
that the zone is not just highly stressed but harbours large 
deviatoric stresses. In addition, initial seismic studies show 
that seismic events in the footwall tend to cluster near the 
production areas. These events are mainly of shear slip 
origin based on evaluation of the Es/Ep ratio being above 
ten for about 55 per cent and above three for 90 per cent of 
the recorded events. Svartsjaern (2015) further indicated 
that there exists a correlation between the zone of high 
deviatoric stress, the seismic event clustering, and the yielded 
elements area in 2D Universal Distinct Element Code (UDEC; 
Itasca, 2011) 
observations in the upper half of the footwall (zones A and B). 
It is hypothesised that the lower half of the footwall the rock 
mass (zone C and deeper) is damaged by fracture propagation 
initiated by high deviatoric stress and concentrations of shear 
strain. This fracture propagation is indirectly recorded by the 
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seismic system as seismic events. The damaging process is not 

levels. As production continues deeper the actively fracturing 
zone follows the mining front leaving a ‘trail’ in the form 
of a weakened rock mass. Weaknesses in the fractured rock 

toe and large-scale movement is inhibited. As the mining 

the mining induced weakness from the earlier production 
levels to activate with rock mass deformation and mappable 
stope damage as result. With continued mining the affected 
area expands until the boundary of the mappable damage 
reaches the outer extent of the previously fractured volume. 
At this point continued movements, driven by the loss of 

striking subparallel to the orebody.
The combination of failure behaviours described above 

indicate that the current primary mining induced damage 
to the rock mass and the location of observed fallouts 
in the stopes and drifts in the older (decommissioned) 
infrastructure do not coincide. The mining induced rock mass 
damage lays dormant until mobilisation is facilitated by a 

middle and upper part of the footwall (zone A and B) is by 
this argument suggested to be symptoms of fractures formed 
near the seismically active production level being activated by 

Deformation patterns of large-scale fracturing
The geometry of the Kiirunavaara mine footwall, with a 
coherent general north–south strike and eastwards dip, is 

or buttressing pressure from the caved rock in the SLC zone. 

at the ground surface. Between the toe and ground surface 

The caved zone originates at the mining level and reaches the 

in the hanging wall at a break angle of approximately 65° 
from the horizontal (Villegas and Nordlund, 2013). Thus, the 
caved rock zone is wider at or near the ground surface and is 
narrower at or near the mining level.

The rock mass closest to the footwall contact above the 
production level is damaged by earlier mining steps. The 
damaged rock mass is weaker and more easily mobilised than 
the undamaged rock mass outside the previously fractured 
volume. As the caved rock zone widens, the weaker damaged 
footwall rock mass starts to expand towards the SLC. In the 
process, distinct mappable damage is observed. This action 
further decreases the normal stress on natural structures in 
the footwall striking subparallel to the orebody and thus 
facilitating vertical shear slip. This results in what resembles 
a slope failure with face-parallel structures shearing in the 
upper to mid portions of the footwall The structures connect 
to the SLC though an indicated step-path starting about 250 m 
and ending just over 100 m above the current production level 

in the footwall with:
 • normal horizontal rock mass expansion in the mining 

induced fractured zone (zone B)
 • vertical shear along footwall parallel structures at the 

conceptual damage boundary (zone A)
 • rotational rock mass displacement just above the 

production area crossing the fractured zone (transition 
between zone B and C).

In an attempt to verify the hypothesis an underground 
deformation monitoring system has been designed and 
installed in the footwall to complement existing equipment 

Underground measuring system
The monitoring system constitutes both parts installed for 

behaviour and parts installed in relation to other projects 

FIG 3 – Conceptual transition phases of the rock mass related to the damage extent boundary (left) 

(Svartsjaern et al, 2015). Principal vibrating wire joint shear gauge results (right).
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but which might yield useful data when interpreted in a new 
context. As a result, the amount of accumulated data for the 

going back over a decade and some of the multipoint borehole 
extensometer (MPBX) installations still in the planning stage.

System summary
The monitoring system components are installed during 
the operation of the mine. This means that the rock mass 

of installation and the resulting total displacements from 
the entire mining operation cannot be directly measured 
by these components. Instead, focus is given to the relative 
deformations associated with going from one mining step to 
the next. Furthermore, when working in an underground rock 

to measure relative displacement between local points. 
Inherently this means that only part of the displacements 
caused by mining operations can be recorded by the 
system. Installations should therefore opt for areas where 
characteristic relative displacements are expected for the next 
upcoming mining stages.

Total displacements from numerical models are used to 
study possible evolution patterns of the current displacements 
and the expected future development. The general direction 
of total displacements and displacement pattern evolution for 
simulated future mining steps are used together with on-site 
damage mapping results to highlight areas and directions 
suitable for monitoring. The number of installation points 
is constrained by limited physical access to service media 
such as water, ventilation and electricity. Thus installations 
can only be done in active infrastructures with access to 
these services. Obviously these areas may not be the best for 
targeting areas of interest for monitoring. Nevertheless, in 
aiming for best-value for invested capital, low-tech solutions 
are used in hard-to-get-to areas far from existing services, 
while capital intensive installations constituting drilling 

works are concentrated at service accessible locations. An 

in Figure 4. Low-tech tape extensometer lines are installed 
in the infrastructure of the upper part of the footwall where 
mainly small horizontal displacements are indicated. At the 
positions where the mapped damage seems to curve inwards 
towards the SLC the tape extensometers are complemented 
by borehole installations monitoring a larger portion of the 
rock mass to study the change in behaviour in greater detail. 
Additional horizontal tape extensometer lines are installed at 
locations closer to the production level where the numerical 
models by Svartsjaern et al (2015) indicate that large relative 
displacements are to be expected as a result of the upcoming 
mining steps, while there was no large damage patterns 

increase in displacements in this region the installations might 
facilitate the development of criteria correlating the onset of 
mappable damage with relative rock mass displacements.

The following are the main monitoring systems utilised in 
this investigation:
 • seismic event recording network, installed prior to this 

investigation, to monitor the fracturing processes and 
original locations for damage directly brought on by 
mining activities

 • coaxial TDR cables to monitor the vertical shear 

 • extensometers installed at strategic positions to monitor 
normal displacement and horizontal expansion of the rock 
mass.

In addition, pre-existing local equipment such as joint 
shear gauges and permanent joint displacement rulers 
are incorporated and interpreted in the context of this 

data, continued damage mapping is considered essential in the 
overall study of the fracturing and damage pattern analyses.

FIG 4 – Installations by depth in pilot section Y23 including deep installations at Y26 with numerical total displacement 

contours (Universal Distinct Element Code) and simplified mine geometry in background.
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Seismic network
A mine-wide seismic monitoring system has been installed at 

the year 2000. An initial test set-up to monitor macro-seismicity 

of the rock mass movements in the upper footwall and near 
the production level at the time (Henry et al, 2001). The 
macro-system was replaced by a microseismic monitoring 
system (for monitoring higher frequencies) which started 
in 2003. A second and mine-wide installation of this system 

extended in 2012 through to 2013. Because of the installation 
dates of the different geophones the seismic data predating 
2008 was deemed to be less reliable as it was recorded by much 
fewer sensors. Data acquired from the earliest array (installed 
in 2000) was collected using only a few geophones and 
different principles. Consequently, co-analysis of old (2000–
2008) and new data (after 2008) is generally discouraged. The 
current system’s primary objective is to track events which 
may be related to rockfalls and bursts in active production 
areas to ensure a high level of work safety and increase the 
understanding of the mine seismicity. This has resulted in the 
bulk of the geophones being installed in close proximity to the 
mining areas with very few geophones in the upper 600 m of 
the rock mass. This means that a large portion of the footwall 
‘slope’ contains very few geophones. Initial studies have 
shown that the low energy emissions from the continuous 
slipping joints in the upper footwall cannot be captured with 
the current system. However, the system show great potential 
for recording events associated with the development of the 
fractured zone originating from the production area. With the 
large-scale footwall fracturing, proposed to be controlled by 
these initial rock mass damage processes, monitoring energy 
emissions from production at depth is essential. The current 
seismic system (consisting of about 220 geophones mine-
wide) is therefore utilised in its present form to monitor the 
fracturing processes near the ‘footwall slope’ toe.

Time domain reflectometry cables

electrical pulse in a grouted deformable cable. Shearing 
or extension of the cable will alter the transmittance 
characteristics along the cable and indicate rock mass 
movement (Dowding, Su and O’Connor, 1988). The technique 
is preferred for capturing shear movements in favour of 
normal displacement. In the Kiirunavaara mine TDR cables 
have been used with satisfactory results to monitor rock mass 
movements during the 1980s and 1990s. But due to the early 
installation many of the installation points are now inside 
the caved zone and can no longer be accessed (Henry and 
Dahner-Lindkvist, 2000).

Installing new TDR cables in the decommissioned parts of 
the mine is labour intensive as rock drillers require access to 
basic services such as pressurised water and power which 
are no longer easily accessible in these areas. Installations 
are therefore concentrated in two pilot vertical sections 
located at Y coordinates Y23 and Y27 (or as close to as the 

infrastructure permits), which are inside and just outside of 
the CA respectively. Installation positions were chosen to 
monitor two principal failure behaviours. At level 509 m the 
installations aim to monitor the shearing of natural structures 
running parallel to the orebody in the upper to mid part of 

the rotational rock mass displacement associated with the 
theorised step-path behaviour. In both cases the cables are 
grouted in 50 m long and 115 mm diameter holes drilled 
perpendicular to the ore dip.

The installations consist of dual coaxial copper ‘antenna’ 
cables. The cables used have an exterior diameter of 
20 mm and 9 mm (outer conductor ø 15 mm and 8.5 mm) 
respectively. Earlier laboratory test on the 20 mm cable by 
Wimmer and Ouchterlony (2008) indicated a sensitivity of the 
cable to respond clearly after a direct shear of about roughly 
5 mm or one quarter of the original outer diameter. Following 
this tendency the thinner cable is assumed to have a similar 
response after shearing about one quarter of the outer 
diameter or in the order of 2.5 mm of direct shear. Additional 

facilitate a theoretical overlap of sensitivity with the thicker 
cable responding ahead of the thin cable being completely 
sheared off.

Extensometers
Two types of extensometers are used in this investigation:
1. MPBX, installed in holes parallel to the TDR installations. 

The installation holes are 100 m long with a diameter of 
115 mm. The MPBXs serve to simplify the distinction 
between shear movements and normal expansion of the 
rock mass bordering the conceptual damage boundary 
(ie the edge of the fractured zone).

2. Tape extensometer lines, installed on several levels to 
monitor the deformation in the mine infrastructure by 
capturing horizontal rock mass expansion within and near 

Multipoint borehole extensometer
The MPBX used in each installation consist of two single 

with one anchor overlap resulting in a two-folded unit of 
about 92 m in total (see Figure 5). The head of the ‘lower’ 
MPBX is grouted in the hole which means that for each set-up 
there are two independent measurement cables connected to 
six anchors and one head each. Just as the TDR installations 
the MPBXs are located on the levels 509 and 740 m to help 
in distinguishing between shear and normal rock mass 
displacement. The tape extensometer on the other hand are 
utilised to monitor horizontal displacements inside or close to 
the fractured zone, which surrounds the infrastructure closest 
to the footwall contact.

Tape extensometer lines
To monitor the predicted horizontal rock mass displacement 

FIG 5 – Installation package of coupled multipoint borehole extensometer.
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namely stopes and access drifts running perpendicular to the 
footwall contact, are instrumented with tape extensometer 
lines. A tape extensometer is essentially a high-accuracy 
measurement tape where the relative distance between two 

anchors are set-up to run along the side walls for 40–80 m and 
divided into 6–14 m intervals (aiming for 10 m) depending on 
line-of-sight conditions, see Figure 6. Field tests of the tape 
extensometer indicate an on-site accuracy of 0.5 mm/per 
reading for the current installations.

DISCUSSION
The design of the monitoring system (installation locations) 
is based on a combination of mining experience, numerical 
modelling and analyses of damage mapping. Earlier studies 
including the numerical models (Svartsjaern et al, 2015) have 
indicated a plausible failure evolution hypothesis with an 
associated deformation pattern. While damage mapping 
and initial seismic analyses (Svartsjaern, 2015) offer some 
support to the hypothesis the deformation pattern would 

measurements of the displacements would also facilitate the 
development of criteria connecting the initiation of mappable 

in areas where large relative displacements are expected but 
mappable damage has yet to manifest.

Possible installation sites are limited to areas with existing 
infrastructure (water supply, electricity, ventilation and free of 

perspective has to be adapted. A low-tech tape extensometer 
system which does not require service support, such as power 
or water, is used in areas remote from the active mining 
areas. While being cheap, easy to install and simple to read 
the system of tape extensometers can only measure relative 
displacements within the infrastructure. It is not possible 
to oversee large-scale rock mass behaviour or structure 
behaviour outside the infrastructure using individual 
monitoring locations. In order to increase the potential of the 
system to capture large-scale patterns measurement lines are 
installed at various distances from both the footwall contact 

installed both in areas where small or virtually no relative 

is at rest) and in areas where large relative deformations are 
expected for the forthcoming mining steps.

Borehole installations are mainly used for detailed study of 
the region at which failure behaviour is expected to change. 
From the ground surface and down to level 740 m the 

structures. Below level 740 m the damage seems to curve 
inwards to intersect the SLC about 100 m above the active 
mining. Boreholes are therefore installed with TDR cables 
(upwards and downwards from a position in a drift) and 
MPBXs (only downwards) to monitor the volume both inside 
(upwards installation) and outside (downwards installation) 

can be correlated to large-scale patterns.

CONCLUSIONS
Establishing the probable future deformation patterns as 
mining depth increases and identifying regions where 
changes in behaviour are likely to occur were an essential part 
of strategising the design and installation of the measuring 
systems. These studies are presented in detail in Svartsjaern 
(2015). Installation of some of the measuring system 
components is ongoing.

The installations took into account the fact that the Kiruna 
mine is a large-scale operation and the transition from one 
sublevel to another takes 18 to 24 months. Installations 
performed during the current mining step will thus require 
some time before consistent data can be expected or obtained. 

be used to evaluate the need for a mine scale measuring 
system to monitor the entire length of the footwall. Despite 
the documentation of large-scale fracturing in the footwall 
the mine operations are in no immediate danger as historical 

However, to evaluate future hazards and in-wall extent of the 

to understand the behaviour and long-term instability 
patterns associated with the footwall. Over time, the presently 

the current damage hypothesis in order to facilitate credible 
long-term stability prognoses. Consequently this will assist 
in the prediction of standoff distance for the life-of-mine 
infrastructure as mining deepens.

FIG 6 – Alignment principles for tape extensometer lines, example from level 275 m with rough position 

of the conceptual damage extent boundary extrapolated from level 740–320 m.
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It is appreciated that the installed measuring systems are not 
fully guaranteed to provide data of the best quality. Therefore, 
alternative ways of verifying the indicated deformation 
patterns through more indirect means are also explored to 
complement data from the current monitoring system. More 
in-depth analyses of the seismic data records and additional 
modelling approaches are being implemented parallel to the 
instrumentation effort.
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Abstract: The Kiirunavaara mine is one of the largest sub-level-caving (SLC) mines in the world 
and has been in underground operation for more than 50 years. The mine has been the focus of 
several case studies over the years. The previous works have either focused on the caving of the 
hanging wall, using the footwall as a passive support, or focused on the footwall using the hanging 
wall to apply a passive load. In this updated study the findings of the previous case studies are 
combined to study the interaction between the caving hanging wall, the developing cave rock zone 
and the footwall. The geological data for the rock types in the mine area are used to derive upper 
and lower limits for the geomechanical parameters calibrated for numerical models in the previous 
studies. The calibrated parameters are used as inputs to a numerical model constructed using 
Itasca’s Particle-flow-code (PFC) encompassing a mine-scale 2D section at the mid portion of the 
mine. The model captures the failure locations well in the footwall underground and indicates 
damage development without a coherent large-scale failure. The trend in subsidence data on the 
hanging wall is adequately simulated but the magnitude of deformation is underestimated. The 
input strength for the hanging wall was lowered to study the impact of hanging wall strength on 
footwall damage development. It is shown that when the footwall strength is kept constant, while 
lowering the hanging wall strength, the extent of damage and magnitude of displacements in the 
footwall increases. From these observations it is argued that the hanging wall and footwall cannot 
be studied independently for the Kiirunavaara mine since the cave rock zone significantly affects 
the damage development in both walls. 

Keywords: Kiirunavaara; PFC; case study; mine-scale; rock mass damage; numerical modelling  
 

1. Introduction 

A well-established fact is that large-scale mining affects the rock mass at a considerable distance 
from the actual mining area, especially in the case of large-scale underground mining. A common 
problem, however, is that even though the effect of the underground mining might be evident from 
surface settlements or lowering of ground water, the explicit behaviour of the rock mass can seldom 
be directly studied. The underground environment, except for the immediate production area, is 
often inaccessible and, with the possible exception of seismic arrays, void of monitoring equipment.  

The Kiirunavaara mine offers a rare opportunity for studying the rock mass behaviour away 
from mining. The mineralisation is concentrated in a tabular orebody with a 60° dip that is mined by 
sub-level-caving (SLC). The transition from open pit into underground mining by SLC at the end of 
the 1950s has had a significant impact on the ground surface footprint, with caving and surface 
settlement on the hanging wall and caving of a cap rock above the lake ore, which was not mined 
during the open pit operation (see Figure 1). Aside from the lake ore area, the surface impact on the 
footwall has been small, with tensile crack formation and discontinuous deformation confined to the 
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old open pit walls [1]. The apparent difference in behaviour between the hanging wall and footwall 
has resulted in the two volumes being studied almost separately. A number of previous studies 
focus on the ground surface impact from mining using the hanging wall rock mass as the primary 
entity of study, with the footwall as a passive support with a minimum of calibration related to the 
footwall behaviour (later works include, e.g., Villegas and Nordlund [2,3]). A second set of studies 
concentrates on the underground rock mass response and the impact on underground mining 
infrastructure, with the footwall rock mass in focus with hanging wall supplying buttress pressure 
with a minimum of calibration related to hanging wall ground surface response (later works include, 
e.g., Henry and Dahnér-Lindqvist [4] and Svartsjaern et al. [5]). 

 
Figure 1. Ground surface footprint of mining operations: (A) aerial photograph captured during the 
1960s and (B) aerial photograph captured after 2010. Adapted from Eniro [6]. 

The combination of scale, geometry and mining method has resulted in a vast network of 
decommissioned infrastructure being left behind in the footwall as mining advanced. This allows 
the footwall to be inspected at a variety of depths, from the active production levels all the way up to 
the ground surface, meaning that the development of damage and displacements can, in some 
respect, be directly observed inside the rock mass. Based on underground observations and back 
analysis by numerical modelling, Svartsjaern et al. [5] suggested that while the rock mass in the 
footwall underground is damaged, there is no explicit footwall or slope failure in progress, i.e., there 
is general damage without a specific large-scale failure. This theory is also supported by the results 
from Sjöberg [7], where large-scale models of the footwall required significantly lowering the rock 
mass input values to achieve large-scale failure. That means that capturing the damage development 
in the footwall underground requires the study of small-scale damage mechanisms at a large scale, 
rather than expecting large-scale mechanisms in a coherent failure. On the hanging wall, Villegas, et 
al. [8] and Villegas and Nordlund [3] describe the surface subsidence to include a discontinuous 
zone with formation of tensile fractures at the ground surface, step-like settlement, and toppling of 
newly formed blocks near the old open pit rim. The failure mechanisms underlying such behaviour 
require the represented material to be allowed to fail at any point and form new fractures in 
previously undisturbed material.  

How to include the action of the hanging wall caved rock mass on the footwall and surface 
profile development has also been a matter of concern. Lupo [9] simulated the action of the cave 
using equivalent surface tractions derived from silo-theory. Sjöberg [7] and Villegas and Nordlund [3] 
represented the caved rock as a low-stiffness continuum material and Svartsjaern et al. [5] used the 
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same approach but allowed for slip and complete detachment along the footwall–cave rock 
interface.  

To account for the points raised above, the current study uses the Bonded-Particle Model (BPM) 
in PFC2D 5.0 [10] to allow for new fracture propagation through a homogeneous rock mass matrix 
and direct inclusion of the cave rock. As bonds break between particles in the hanging wall due to 
the mining advance, the cohesive rock mass matrix constituting the hanging wall breaks down into a 
frictional, zero tensile strength material made up of the unbounded particles that cave into the void 
left by ore extraction. As the BPM allows for tracking individual bond breakages (fracture 
formations), damage to the footwall rock mass can be studied even if no distinct large-scale failures 
develop.  

On the hanging wall, the close proximity of the caving operation to the city of Kiruna has 
resulted in ground surface subsidence being monitored and documented in great detail for decades, 
producing a vast bank of ground deformation data. These data have been used as a benchmark for 
various ground deformation analyses at the mine. This paper utilizes the data from both the footwall 
and hanging wall gathered over the last decades to study the mine-scale impact on the rock mass 
from mining and the co-dependence between the two walls for the system behaviour.  

2. Site Description 

The Kiirunavaara mine, or Kiruna mine, located near the city of Kiruna in the county of 
Norrbotten in northern Sweden, is owned and operated by the state-owned stock company 
Luossavaara-Kiirunavaara Aktiebolag (LKAB). Mine operations date back to the early 1900s, with a 
transition from open pit to underground mining in the 1950s. Current annual production is in the 
range of 28 million tonnes of iron ore per year. The northernmost part of the currently mined volume 
was never exploited by the open pit operation. This northern extension of the ore is named the lake 
ore and underground-only access resulted in a ground surface footprint by caving of the lake ore 
cap-rock (Figure 1B).  

2.1. Mine Layout 

The underground mine can be described as three principal parts; (i) the northern part with 
Y-coordinates 9–21, including the lake ore, (ii) the central facilities area (CA-area) hosting the life of 
mine infrastructure at Y21–25; and (iii) the southern part comprising Y-coordinates 25–50. The 
production areas in the respective parts are divided into production blocks roughly 400 m wide, 
named by the centre Y-coordinate. The principles of the underground layout are shown in Figure 2. 

 
Figure 2. Principal layout of the underground mining infrastructure as seen from the footwall. Image 
courtesy of LKAB.  
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Ore extraction is achieved by blast-induced caving from silo-shaped production rings 
consisting of up to 50 m long holes with a diameter of 115 mm. The current sublevels are separated 
by a 28 m vertical distance and developed with a relative offset of 12.5 m (cross cut spacing is 25 m) 
to allow for the corresponding production rings. The sublevel height has been upscaled three times 
since underground production began, namely in 1963 (9 m), 1983 (12 m), and 1995 to the current 28 m. 

The current main haulage level is 1365 m, though a few remaining blocks still use the previous 
main haulage level located at 1045 m. Production in the main orebody is performed between levels 
993 and 1051 m depending on the production block. Level designations use an artificial ground 
surface as the origin based on the pre-mining peak of the Kiirunavaara mountain peak. With the 
current ground surface undulating and the footwall crest towering well above the hanging wall 
crest, the actual depth from ground surface and mining level designations may differ by as much as 
200 m. 

The tabular nature of the Kiirunavaara orebody makes it possible to study various sections of 
the mine as 2D transverse (east–west) sections. The elongated geometry creates near plane strain 
conditions at the mine scale for the middle two-thirds of the orebody length, as shown by numerical 
stress analyses by Malmgren and Sjöberg [11]. As for the general rock mass response, section Y23, 
located in the middle of the CA-area, provides the most comprehensive dataset of underground 
observation points. The profile also represents one of the most crucial sections from a stability point 
of view as the CA area includes the main decline system and a number of support infrastructure 
installations.  

The state of stress in the mining area is characteristically highly non-uniform. Due to the large 
and long-term mining operations, the difference between virgin and secondary stresses is significant 
regarding both orientation and magnitude. The major primary principal stress acts perpendicular to 
the orebody and thus the footwall; as a result, secondary stresses tend to concentrate at the footwall 
slope toe beneath the production level. The stress measurements conducted in the Kiirunavaara 
mine before 2003 have been summarised by Sandström [12]. 

2.2. Geological Setting  

The geology of the mine area is composed of igneous and metamorphic rocks, which are part of 
the Fennoscandian Shield. A ductile foliation that strikes north–south is commonly encountered 
within the area. A number of weakness zones align with this regional foliation, which shows 
signatures of hydrothermal alteration, including deposition of chlorites. Both the orebody itself and 
the principal rock type boundaries in the footwall and hanging wall sides align with the strike of the 
regional structures [13].  

The rock mass directly to the west of the footwall contact is interpreted as Precambrian aged 
tracho-andesites, locally referred to as syenite porphyries, Figure 3. These syenite porphyries have 
historically been separated into five subgroups denoted SP 1 –5 based on core test results. The 
subgroups do not cluster but are to a large degree intermixed. This intermixing, combined with the 
large variation in geomechanical properties between the subgroups, makes field estimations of the 
rock mass properties at any given location difficult.  
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Figure 3. Map of Kiirunavaara near-surface geology; dashed lines indicate interpreted possible 
deformation zones. Adapted from Mattson et al. [13]. 

The most commonly occurring subgroup is SP1, which forms the “baseline” syenite porphyry. 
SP3 has a high content of amygdules and occurs more commonly close to the footwall contact. The 
footwall ore contact also contains 0.2–0.4 m thick zones of amphibolite and actinolite skarns. SP4 and 
5 are intermixed in volumes of SP1, where SP4 is considered to be more competent and SP5 
represents heavily weathered rock. Laboratory tests of cores indicate a range of intact uniaxial 
compressive strengths (UCS) from 90 MPa for SP5 to 430 MPa for SP4, with SP1 falling around 300 
MPa and SP3 showing considerable spread but generally falling within 110–210 MPa [14]. Intact rock 
core strength data, including the results from point load tests compiled by Vatcher et al. [15], also 
show that there is considerable spread in the strength properties within the remaining subgroups 
SP1, 2, 4, and 5.  

Farther westward from the footwall, a competent granite dome is mapped on levels below 800 
m. Documentation of the rock mass at a distance from the ore contact is limited to drift mapping, 
primarily for the central region, as most cores are related to the prospecting of mineable ore and 
limited attention has been given to the host rock housing the infrastructure.  

The first layer of the hanging wall rock near the ore contact constitutes pyroclastic rhyodacites 
referred to as quartzite–porphyry [8]. As for the footwall, the hanging wall main group (quartzite–
porphyry) is locally split into five subgroups designated QP1–5. Again, as in the footwall, the 
internal distribution of QPs for a given volume is complex, with a high degree of intermixing. QP1–
3 represent baseline quartzite–porphyry, differentiated mainly by colour and mineral content, with 
QP3 having a high chlorite and amphibole content. QP4 is interpreted as a meta rhyodacite and QP5 
represents heavily weathered rock [16]. From the laboratory data, there is no significant difference in 
strength properties between the QP groups [15]; however, it is reasonable to assume that QP5 
(similar to SP5) would represent significantly lower strength. The hanging wall is in general 
considered to be less competent than the footwall (e.g., [3,15]).  

The orebody strikes north–south with an eastwards dip of about 60 degrees and is roughly 
parallel to the orientation of the ductile regional deformation foliation. The tabular orebody 
constitutes a fine-grained magnetite with intrusions of apatite with a variable width of anything 
from a few meters to 200 m but averaging 80–90 m. The continuation of the orebody at depth is 
unknown. Current and previous mining show a gentle dip-along-strike towards the north, 
extending the footprint of the SLC away from the old open pit. In general, the ore is considered less 
competent than the host rock, with the exception of SP5 and contact minerals.  
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Information about dominant joint orientations has been documented for most levels in 
moderate detail; however, joint properties have in general not been recorded. The dominant joint 
orientation has historically motivated the separation of the length of the footwall into domains. 
These domains cannot be clearly traced between levels, even though some similarities are observed 
between main haulage levels. The continuation of previous patterns down to level 1365 m has been 
deemed uncertain. Work by Vatcher et al. [15] indicate that, at a mine scale, the domains for the rock 
joints might not be well represented by 2D sections related neither to the mine length coordinate 
(Y-axis) nor the depth designation by mining level (Z-axis). Joint orientation distribution in the 
southern portion of the mine (primarily in the footwall south of Y28) is reported as having a large 
random component and clustering of joint sets into domains is uncertain. In both the northern and 
southern extents of the mine, joint sets dipping parallel or sub-parallel to the orebody can be found 
following the general trend of the regional structures. In general the joints do not cross the ore contact 
zones, even though the major orientations are roughly the same on both sides of the contact [13]. 

2.3. Current Deformation State of the Hanging wall and Footwall 

On the hanging wall the ground surface footprint develops in two main stages of ground 
settlement: a continuous deformation zone (free of tensile cracks and steps) and a discontinuous 
deformation zone. The discontinuous deformation zone is characterised by tensile fractures forming 
on the ground surface; these fractures develop into steps of discontinuous deformation closer to the 
pit rim and include complete caving of the old open pit hanging wall. Figure 4 illustrates the 
definitions used for the ground surface deformation zones at the mine. The angle between the 
farthest point from mining (horizontal distance on ground surface) in the continuous deformation 
zone and the current mining level is defined as the limit angle and the transition point into the 
discontinuous deformation zone is given by the break angle.  

The footwall rock mass response to mining is most noticeable underground in the 
decommissioned mining infrastructure overlying the current production areas. Svartsjaern et al. [17] 
divided the rock mass closest to the ore contact in the footwall, based on results from damage 
mapping of the decommissioned infrastructure and numerical modelling, into two conceptual 
zones: (i) a damaged zone near the ore contact, where damage to the infrastructure is common and 
systematic; (ii) an undamaged zone with no significant damage to the infrastructure. In the 
undamaged zone infrastructure damage is sporadic and judged to be primarily caused by local 
variation in rock strength rather than stress redistribution or deformation. The damage in the 
damaged zone is most severe close to the ore contact and lessens farther into the footwall. The 
conceptual transition between damaged and undamaged is defined as a damage extent boundary 
(DEB). The boundary does not represent a physical plane but a transitional border. Infrastructure 
located between the ore contact and the boundary has a high probability of having sustained 
systematic damage, while infrastructure outside the boundary is unlikely to have suffered damage 
unrelated to local rock mass deterioration by, e.g., clay zones or water inflow. In most locations the 
location of the DEB, and nearby damage, can be correlated to natural pre-existing structure sets. The 
concepts of the described rock mass responses to mining for the hanging wall and footwall is 
visualised in Figure 4. The rock mass movements interpreted for the footwall underground from the 
mapped infrastructure damage cannot be detected from ground surface monitoring. The current 
theory is that the underground movements are redirected towards the open pit slope by sub-vertical 
structure sets near the ground surface. Evidence of such structures includes the results from 
underground mapping and structures that directly daylight in the open pit footwall slope. 
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Figure 4. Concept of underground rock mass response to mining. Adapted from Villegas et al. [8] 
and Svartsjaern et al. [5]. 

3. Modelling Approach 

In all studies of large-scale rock masses, a simplified representation of the in situ material is 
required. The relatively well-known properties of the small-scale intact material need to be 
combined with the, in general poorly known, properties of the large-scale system of intact material, 
brittle fractures, ductile structures and more or less random heterogeneities such as clay zones and 
intrusions. This results in a common use of equivalent homogeneous material representations such 
as Mohr–Coulomb materials. This type of representation works well when heterogeneities are small 
in relation to the studied scale. Specific large impact in-homogeneities can be overlaid on the 
material, but the creation of new structures as a response to loading is in general not permitted. An 
alternative approach is the use of a synthetic rock mass (e.g., Mas Ivars [18]). The synthetic rock mass 
represents the in situ material in more detail by a matrix of intact material composed of 
glued-together particles and statistically or explicitly generated discontinuity planes representing 
rock joints. New fractures can form either along the discontinuity planes or through the intact 
material matrix by breaking the glued bonds between the constitutive particles. An example of this 
is the Bonded-Particle Model (BPM) developed by Potyondy and Cundall [19] and included in 
Itasca’s Particle Flow Code (PFC) with the argument that both intact rock and rock masses can be 
described as cemented granular materials. In the BPM the granular material is represented by 
indestructible spherical (3D) or disc-shaped (2D) particles. The particles have no internal properties 
save density; particle interaction is governed solely by contact properties related to the particle 
“surface”. Deformation of a matrix is achieved by separation or overlap of individual particles. The 
particles can be bonded together by a set of breakable springs creating a cohesive and frictional bond 
with a separated tensile strength not directly related to the cohesion. As a bond is broken, further 
contact interaction is governed by particle surface friction and overlap stiffness. The BPM thus 
simulates both peak and post-peak properties of a material, where new fracture formation is 
allowable by systematic bond breakage. For this study, a combination of equivalent rock mass 
properties from back analysis cases was used to calibrate the BPM after using field data to estimate 
acceptable property ranges.  

3.1. Rock Mass Strength Properties from Back Analysis Studies  

Unlike for the intact material, the properties of the rock mass cannot be directly determined by 
standardized testing approaches. The rock mass involves scales too large for replication in a 
laboratory environment and a great number of unknowns in the field. A common approach is 
therefore to derive equivalent rock mass parameters for a studied volume by back analysis. This type 
of analysis can be based on scaling intact material properties using empirical relationships and field 
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observations such as the degree of jointing and interlocking. The equivalent rock mass strength used 
in previous studies of the Kiirunavaara hanging wall and footwall studies are summarized in Table 1.  

Table 1. Rock mass strength input used in earlier studies for footwall (FW) and hanging wall (HW).  

Source Type of Study Focus 
Rock Mass Cohesion 
(MPa) and Internal 
Friction Angle (°) 

Indicated
 Using 

Equation (1) 

Dahnér-Kindqvist 
[20] 

Limit equilibrium 
by empirical 

charts 
Footwall stability 

c = 1.5  
 = 30  

5.2 MPa 

Singh et al. [21] 
Numerical study 

in FLAC 

Deformation and failure 
of both Footwall and 

hanging wall 

c = 2.0–8.6  
 = 30 

6.9–30 MPa 

Lupo [9] 
Calibrated 

numerical study 
in CAV7 

Hanging wall and 
footwall behaviour 

HW 
c = 1.13  = 37 

FW 
c = 1.18   = 37 

HW 
4.5 MPa 

FW 
4.7 MPa 

Lupo [22] 
Numerical study 

in FLAC 
Hanging wall and 

footwall  
c = 1.2  

 = 37 
4.8 MPa 

Sjöberg [7] 
Calibrated 

numerical study 
in FLAC  

Footwall stability with 
calibration towards 

inducing failure 

c = 1.3   = 34.8 
Calibrated to  

c = 0.1–0.8 and  = 30–
40  

4.99 MPa *  
0.43–2.77 MPa 

Henry and 
Dahnér-Lindqvist 

[4] 

Numerical study 
in FLAC 

Footwall stability 
c = 0.6  

 = 30 
2.3 MPa 

Sitharam and 
Madhavi Latha 

[23] 

Numerical study 
in FLAC 

Footwall stability 

HW  
c = 1.0   = 35 

FW  
c = 0.6  = 35 

HW  
3.84 MPa  

FW  
2.3 MPa 

Villegas and 
Nordlund [2] 

Numerical study 
in PFC 

Hanging wall 
deformation 

c = 2.7 
 = 51 

15.2 MPa 

Villegas and 
Nordlund [3] ** 

Numerical study 
in FLAC and PFC 

Hanging wall 
deformation 

cpeak = 7.1 peak = 47 
cresidual = 1.0  

residual = 37  

Peak 
36 MPa 

Residual  
4.0 MPa 

Svartsjaern et al. 
[5] 

Calibrated 
numerical study 

in UDEC 
Footwall stability 

c = 1.2  
 = 36 

4.7 MPa 

* The UCSrm was derived from scaling intact rock parameters by using an older version of Hoek–
Brown criterion and not back analysis of field damage observations. ** For the FLAC study, a brittle 
plastic model was implemented using both peak and residual values; the PFC study was equivalent 
to the study reported by Villegas and Nordlund [2].  

3.2. Rock Mass Property Ranges Using Field Data Scaling 

The high degree of intermixing between the different rock types making up the rock mass 
matrix, combined with the large variation in UCS results within each subgroup, makes an estimate 
of the rock mass strength based on the laboratory tests of rock cores alone unreliable. Even when 
scaled by RMR and GSI data from the field, the use of intact material properties to represent the 
mine-scale rock mass introduces significant uncertainty. Using the generalized Hoek–Brown 
criterion [24] and the same GSI range as for the elastic properties, a disturbance factor of 0.5 and mi = 
15 would indicate a rock mass UCS of 9–35 MPa (Intact UCS = 200 MPa). This value is considerably 
higher than the UCS expected from Mohr–coloumb equivalent cohesion (c) and internal friction 
angles ( ) derived from previous numerical and limit equilibrium back analyses based on field 
failure observations using Equation (1); see Table 1. 
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 () (1) 

In general the Mohr–coulomb equivalent rock mass properties combined with Equation (1) 
suggest a UCS for the rock mass (UCSrm) of between 2 and 7 MPa. Sjöberg [7] arrived at a UCSrm of 
4.99 MPa by scaling the intact material properties using an older version of the Hoek–Brown 
criterion assuming disturbed rock mass conditions in combinations with a somewhat lower intact 
rock strength. This value is in better agreement with the values derived by back analysis of rock 
mass behaviour in the field. Villegas and Nordlund [2,3] indicate higher strength properties for both 
the PFC study [2] and the FLAC study [3]. The FLAC study used a brittle plastic model in which the 
peak values were much higher than the properties used by other researchers, while the residual 
values match the general span. This is explained by the fact that most of the reported back analyses 
were based on failure or damage observations directly related to rock that has already suffered some 
plasticity. Villegas and Nordlund [3] attempted to study deformations on the hanging wall ahead of 
detectable rock mass damage and thus used high peak values to prevent early failure development. 
The PFC synthetic rock mass used by Villegas and Nordlund [2] included explicit jointing and the 
equivalent tested rock mass sample did not show a clear elastic–plastic transition or yield point. This 
would result in residual values near the peak values and hence the properties used by Villegas and 
Nordlund [2] together with Singh et al. [21] are considered to be outliers in the Table 1 summary.  

The degree of jointing at Kiirunavaara is reported in terms of RMR or GSI. For the footwall 
Sandström [12] summarized the reported RMR values as having a range between 49 and 69 for the 
general rock mass, and for the hanging wall Villegas and Nordlund [3] reported a GSI of 60–80, 
which is roughly equivalent to a RMR of 65. The overlap in the estimated degree of joining between 
the footwall and hanging wall is in line with the findings from underground mapping by Mattsson 
et al. [13]. The major structure orientations can be found on both sides of the ore contact zones but 
are not persistent through the contact itself. Field data from the underground are, due to the location 
of the infrastructure, much more comprehensive in the context of RMR and the range offered by the 
footwall data is thus considered to be a better representation of the rock mass on both sides of the 
orebody. Taking the footwall equivalent GSI values combined with the hanging wall GSI (combined 
range 54–80) and using the simplified Hoek–Diederichs equation (Equation (2); [25]), assuming a 
disturbance factor (D) of 0.5 [3] for the un-mined rock mass, suggests a Young’s modulus on the 
order of 3.4–25 GPa, where the upper part of the span is considered more reasonable. 

 (2) 

While a number of empirical scaling laws exist for estimating the rock mass Young’s modulus, 
there seem to be no validated scaling laws for moving from an intact Poisson’s ratio to a rock mass 
Poisson’s ratio. However, Gercek [26] concludes from an extensive literature review of numerical 
studies that reported Poisson’s ratios for rock masses are in general higher than for intact rocks. This 
is explained by the inclusion of weakness planes and random anisotropy by the included joint sets. 

The Poisson’s ratio of the intact rock at Kiirunavaara is reported in the range of 0.20–0.27 for 
SP1, 0.14–0.27 for QP1–5 and estimated to be 0.27 for the footwall rock types as a whole by Sjöberg et 
al. [14]. The intact values can be used as a limit for the estimation of the rock mass Poisson’s ratio [26] 
and a plausible range for the rock mass Poisson’s ratio would then be in the order of 0–30% higher, 
i.e., 0.27 <  > 0.35.  

3.3. PFC Model Construction and Calibration 

A model of mine section Y23 was built by creating a box 2700 m wide and 2000 m high. The box 
was filled with disc-shaped particles with uniformly distributed radii between 6 and 24 m to a 
porosity of 0.15 to ensure initial tight packing and adequate filling of the “construction box”. A 
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smaller box was then cut out of the filled volume and re-filled with smaller radii particles to a 
porosity of 0.2. This step was repeated three times, with the innermost box being 1200 m wide and 
1500 m high and containing particles of radii between 1 and 3 m. The particles were allowed to settle 
under gravity, the simplified ground surface of section Y23 was defined and particles above this 
surface were deleted. The model was again solved to equilibrium under gravitational loading and 
any particles rebounding above the ground surface were deleted. The final model geometry is 
shown in Figure 5; note that the box size indicated in the figure refers to post-ground surface cut 
height. The size regions for the particles were implemented to reduce run time. The hanging wall 
ground surface was simplified as a level surface; the landfills added to the hanging wall crest during 
mining evident in Figure 1 were not included. The footwall slope angles were the same as those used 
by Lupo [9] and the open pit floor was set at the current level. Joint sets were not explicitly modelled 
as the particle radii in the innermost box are similar to the in situ joint spacing; the influence of 
jointing was instead accounted for by using the scaled rock mass strength values for the BPM.  

A direct measurement of the in situ virgin stress is not available due to the early start of 
operations at the mine but, based on the surrounding area and the analyses of Sandström [12], the 
virgin stress state can be estimated by two horizontal components and one vertical. The virgin 
in-plane stress ratio for a transverse section in the middle two-thirds of the orebody  is estimated 
to be 0.78. 

 
Figure 5. (A) Geometry of the PFC model divided into hanging wall (blue), ore (red) and footwall 
(green). (B) Size regions for constitutive particles. 

To calibrate the rock mass properties, a calibration volume was defined as a rectangle with 100 m 
width and 200 m height. This volume corresponds both to the calibration volume used for the PFC 
model used by Villegas and Nordlund [3] and the volume indicated to be of interest for the 
extension of the damaged zone in the footwall from the ore contact to the constant portion of the 
damage extent boundary [5].  

A “rock core” was cut from the footwall at a depth of 700 m close to the ore contact with the 
dimensions of 240 m in height and 100 m in width. The uppermost and lowermost 20 m were 
re-grouped as pressure plates resulting in a final “test core” with dimensions of 100 m by 200 m, see 
Figure 6. The pressure plates were added to ensure a more uniform loading of the sample by a 
“perfect fit” of the pressure plates to the surface undulation resulting from the disc-shaped particles 
making up the matrix.  



Minerals 2017, 7, 109 11 of 20 

 

 
Figure 6. Test core cut from the footwall (green) including pressure plates (blue) and positions for 
displacement tracking (red). 

The micro-properties of the sample were calibrated by UCS testing until the macro-properties 
fell within the range estimated for the rock mass from the field data as summarized in Table 2. The 
sample was examined with respect to the elastic properties E and  and the uniaxial peak 
compressive strength. The elastic constants were evaluated using the displacement tracking points 
indicated in Figure 6. The relative displacements of the measured particles during testing were used 
in the same way as a strain gauge to measure the axial and radial straining of the sample. The sample 
was loaded in a gravitation-free environment to avoid failure from the sample self-weight. Loading 
was achieved by fixing the upper pressure plate against an immobile wall and pushing the lower 
pressure plate by a second wall displaced at a rate of 5 mm/s past complete sample failure. 

The final results from the calibration campaigns are shown in Table 2 and Figure 7. The footwall 
target values were set to correspond to the input values derived by Svartsjaern et al. [5]. A second set 
of parameters resulting in a 30% lowering of the UCSrm was also determined to investigate the 
impact of accounting for the perceived relative strength difference between the footwall and 
hanging wall. The elastic constants for the two sets are similar; for both samples the Poisson’s ratio is 
initially stable until about 20% UCS, after which it starts to increase until sample failure at 10–15% 
above the initial value. This increase in Poisson’s ratio during loading is likely caused by the 
formation of new non-coalescent fractures inside the sample due to bond breakage, as described by 
Gercek [26]. Similarly, the Young’s modulus increases for the same range with about 10% during 
sample loading. Table 2 contains the initial values. 

Table 2. Calibrated micro-mechanical properties and resulting macro-properties. 

 Micro-Properties (Bond) Micro-Properties (Contact) Macro-Properties 

Property c 
(MPa) 

 
(°) 

t 
(MPa) 

E 
(GPa) 

Kn/Ks 
(Ratio) 

De-Bonded Friction 
Coefficient 

Erm 
(GPa) 

rm 
(Ratio) 

UCSrm 
(MPa) 

Rock mass range - - - - - - 3.4–25 0.27–0.35 5–9 
Footwall target  - - - - - - 18 0.27 4.7 
Footwall PFC 27  36 27 36 0.25 1.0 18 0.28 4.6 
Hanging wall 

target 
- - - - - - 18 0.30 3.3 

Hanging wall PFC 24 36 21.6 36 0.25 1.0 18 0.31 3.3 
Pressure plates 10e44 36 10e44 100 0.25 1.0 - - - 
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Figure 7. Final numerical UCSrm results including failed test-cores. 

3.4. PFC Mining Sequence 

The data from Table 2 are input to the model in Figure 5. A “stress probe” is overlaid on the 
entire future mining volume by a sphere with radius 520 m centred in the footwall so the top of the 
sphere overlaps the open pit floor. The average stress inside the sphere is calculated and the right 
and left boundaries of the model are pushed together until the vertical to horizontal stress ratio 
equals 0.78. The material state is “reset” by reapplying any broken bonds.  

The SLC is mined from the open pit floor, past the current (2014–2016) main mining level at 993 m 
down to 1110 m (four additional sublevels), as in Figure 5. Each sublevel is excavated in five cuts 
from the hanging wall to the footwall with the model run to equilibrium for each cut (see Figure 8). 
The open pit floor is not mined apart from a single slice to prevent an ore pillar from forming. A total 
of 129 mining steps are performed, where each step removes 35–45 particles with an in-plane 
footprint of 20 by 30 m (600 m2) for mid-ore sections and 15–25 particles with a triangular footprint 
of 200–400 m2 at the ore-contacts. 

 
Figure 8. Principle of excavation order starting from ground surface (pit floor) with the individual 
excavation areas (vertical footprints) in red.  

4. Results and Comparison to Current Damage Patterns and Deformation States 

Two model setups are run based on the parameters from Table 2: Case A, where the same 
footwall rock mass properties are allocated for the hanging wall and footwall as well as the orebody, 
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and Case B, where the footwall and orebody are allocated footwall properties and the hanging wall 
is allocated the lower strength properties estimated for this volume.  

The footwall rock mass contains accessible underground infrastructure, which allows the 
response to mining be studied underground as well as on the ground surface. For the ground 
surface subsidence both the field data and the numerical results show negligible movement of the 
ground surface at the footwall crest. However, damage mapping of the underground infrastructure 
indicate rock mass deformation in the footwall underground [17].  

The comparison between Cases A and B shows a clear reaction in the footwall from “changing” 
the hanging wall strength. The weaker hanging wall in Case B caves more readily, resulting in a 
wider cave zone (Figure 9). The wider cave zone entails a lower buttressing pressure on the footwall 
and the particle un-bonding reaches farther into the footwall, which allows for more horizontal 
displacements in Case B than in the more confined Case A.  

The ground surface subsidence measurements on the hanging wall indicate that the 
magnitudes of displacements in the numerically modelled cases might be underestimated. 
However, the deformation pattern indicates the existence of a mobilised zone close to the footwall 
contact which does not reach the footwall crest. The horizontal components in this mobilised zone 
are plotted together with the damage extent boundary (DEB) defined by Svartsjaern et al. [5] in 
Figure 10. There is a correlation between the extent of this mobilised zone, the DEB and the 
unbounded particles in the footwall (Figure 9) most notably between levels 509 and 740 m. 
Unfortunately, section Y23 is not accessible between 907 m and the current excavation levels of 993 
and 1020 m; the DEB is thus not defined below 907 m. Damage mapping on other sections of the 
mine indicate that the DEB intersects with the SLC 100–150 m above the production level. The extent 
of fracturing at depth in the model cases is thus not interpreted as indicative of the current position 
of the DEB.  

The relation between the active fracturing zone below the production level indicated by seismic 
records as described by Svartsjaern and Eitzenberger [27], the extent of bond breakage in the 
modelled cases, and the development of the DEB are conceptually described in Figure 11. Rock mass 
damage primarily accumulates at, and beneath, the production level, but high confining pressures 
immobilises the blocks. As the production goes deeper, the widening SLC gradually de-stresses the 
footwall, causing rock falls and other damages in the infrastructure defined by the earlier rock mass 
deterioration. This evolution path of the DEB clearly advocates the importance of the cave rock 
backpressure on the footwall stability as the width of the SLC relates to the in-wall depth of the DEB. 
There is thus a strong argument for including the hanging wall caving behaviour when attempting 
to forecast damage development in the footwall.  

 
Figure 9. Parallel bond state for Cases A and B after mining at 1020 m (the current lowest opened 
excavation level) and above; the blue matrix is un-yielded while red and green show broken bonds; 
the black line indicate the position of the damage extent boundary. 
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Figure 10. Horizontal displacements for Cases A and B after mining at 1020 m (the current lowest 
opened excavation level) and above; the black line indicates the position of the damage extent 
boundary defined from field mapping. 

 

Figure 11. Interpreted evolution of the footwall DEB related to rock mass deterioration at the 
production level and the relative confinement from the hanging wall and SLC.  

On the hanging wall there is no relevant accessible infrastructure underground; trends in the 
modelling results are therefore compared to the ground surface response to mining for the two 
model cases, A and B. The model comprises a 2D section along the east–west X-axis set at Y23; the 



Minerals 2017, 7, 109 15 of 20 

 

relative position of this section to the closest GPS subsidence measurement line, the position of the 
current cave limit, and the nearby surface features are shown in Figure 12. The closest GPS line 
constitutes nine individual points designated P1 to P9, where P1 lies closest to the cave limit and P9 
farthest away, with the cave limit defined as the western-most point on the hanging wall crest 
considered stable enough to walk to in the field.  

 
Figure 12. Surface features and position of subsidence measurements on the hanging wall, section 
Y23.  

Comparison between the field ground surface observations and the modelling results shows 
that the full range of the hanging wall behaviour is not well represented in either of the two 
modelled cases. However, some of the principal trends and mechanisms are replicated by Case A for 
the current deformation state.  

After caving is initiated, Case A shows a tendency towards toppling near the cave limit as slabs 
of the rock mass matrix cave from the hanging wall in vertical rectangles that rotate into the cave 
zone, which corresponds the field descriptions by Villegas and Nordlund [3]. However, due to the 
use of a non-jointed equivalent continuous in situ material in the models, caving of the hanging wall 
does not correspond to the start of underground mining. Caving of the hanging wall begins after 
mining at 630 m (corresponding to roughly 1992) and the location of the cave limit is overestimated 
by about 100 m compared to the location reported by Lupo [9]. The Case A cave limit remains 
stationary until mining at 840 m (year 2004), during which it moves 90 m. Interpolation between the 
2015 field cave limit and that reported for 1994 by Lupo [9] indicates that the Case A cave limit again 
overestimates the cave limit position by about 100 m. The actual cave limit in the field continues to 
progress while the Case A limit remains stationary, resulting in the model case and field observation 
lining up for the 2015 excavation of level 990 m and opening of level 1020 m. Also for Case B, caving 
beings after mining of several sublevels; again the cave limit location remains stationary for several 
excavation steps followed by a significant move. The Case B cave limit position is determined by the 
caving of one single massive block, which overestimates the position for excavation stages. At the 
current deformation state, Case B overestimates the cave limit position by almost 200 m (see Figure 13).  
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Figure 13. Numerical results for Cases A and B with ground surface footprint after excavating at 1020 m 
(the current lowest opened excavation level) and 2015 field cave limit position. 

The deformation state in the elastic region ahead of the cave limit at the location of the P1–P9 
GPS line for both modelled cases and the corresponding field measurements are shown in Figure 14 
for the GPS line and Figure 15 for the individual measuring point locations. It is clear that there are 
similarities in the trends for the three cases (field case and numerical cases A and B), but the 
magnitude of deformations indicated by the numerical results are approximately 10 times lower. 
Cases A and B produce similar results but Case A indicates an acceleration of surface subsidence as 
the mining continues (the curved line in Figure 15) while Case B indicates steady state subsidence 
for the same period (the almost-straight line in Figure 15). The field data for the same period show 
steady state subsidence between 2005 and 2013, followed by accelerated deformation between 2013 
and 2015. All cases (numerical and field) show increasing subsidence when moving along the GPS 
line from P9 to P1 for the period 2011–2015 (the left-inclined trends in Figure 14).  

 
Figure 14. Subsidence data for lines P1–P9 relative to a common “zero reading” in 2003, i.e., the 
excavation of level 849 m is used as relative origin; note the difference in Y-axis scale between the 
field and numerical graphs. X-deformations have in all plots been scaled with a multiplier of 10 to be 
visible.  
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Figure 15. Subsidence data for the individual points P1, P3, P5, P7, and P9 relative to a common 
“zero reading” in 2003, i.e., the excavation of level 849 m is used as relative origin, note the difference 
in Y-axis scale between the field and numerical graphs. 

5. Discussion 

The rock mass parameters used for this study were based on two types of data sources; (i) 
measurement data, e.g., UCS combined with rock mass classifications from field data; and (ii) back 
analysis of damage observations reported in previous studies of the mine. It goes without saying 
that the preferable case would have been to directly input measured quantities into the model and 
replicate field results. However, due to the scale difference between what is commonly measured in 
laboratories and in the field (mm to m scale) and the mine scale (hundreds to thousands of m), some 
features must be scaled, some neglected in the simplification process, and others are simply 
unknown. To address the scaling issue, the geological properties known for the intact rock and the 
rock mass classification results were used to suggest plausible ranges for the geomechanical 
properties from the back-analysed cases.  

The rock mass in the modelled cases was represented as a cemented granular matrix (BPM in 
PFC), initially set up as a homogeneous material that was later allowed to fracture in response to 
mining stresses. The in situ rock joints were accounted for indirectly by scaling of the target rock 
mass strength using GSI and RMR values from the field. With this approach the strength reduction 
of the rock mass relative to the expected strength of an intact rock core sample was achieved but the 
directional dependence or anisotropy related to the major joint sets was lost. From the results of this 
study, it is reasonable to assume that this anisotropy might be an important factor in the caving 
behaviour of the hanging wall as the failure mode of the hanging wall involves the propagation and 
opening of large-scale discontinuities outlining toppling blocks. However, while not covering the 
full range of the caving behaviour, the applied PFC model does allow the cave material to form 
explicitly from the hanging wall caving, which directly models the pressures and internal material 
flow within the cave zone. The footwall failure mode, which was the primary focus of this study, 
involves the creation of many short and multi-directionally oriented fractures during stress rotation 
below and at the production level, making it much less dependent on the coalescence of anisotropic 
planes. The step-by-step mining sequence applied, in combination with the large number of 
bonded-particles, was associated with significant computational time. In all, using a 
high-performance office desktop, the complete mining cycle runs for about three weeks. In a case 
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when the expected failure pattern would be affected more by semi-persistent discontinuity planes 
with an expected coherent failure surface reaching the ground surface by, e.g., the development of a 
step-path failure, computation time could likely be decreased by application of a hybrid method 
such as FEM/DEM rather than a pure DEM approach (e.g., [28,29]). This approach is, however, 
dependent on the quality of the applied DFN [30].  

Two model cases were run to study the impact of the caving behaviour of the hanging wall on 
the footwall failure. In Case A the hanging wall UCSrm was set to be equal to the scaled strength of 
the footwall and in Case B the UCSrm of the hanging wall was lowered by 30%. While the second, 
lower, value used in Case B was not derived directly from field data, it is considered to be reasonable 
from a comparison standpoint as previous studies indicate that the hanging wall is less competent 
than the footwall (e.g., [3,15]). Thus, by retaining the strength values for the footwall and at the same 
time lowering the values for the hanging wall, the significance of the backpressure from the hanging 
wall cave rock on damage development in the footwall could be studied by comparing Cases A and 
B. The possible importance of this relationship for the footwall stability as well as the large number 
of unknowns related to the cave rock has been highlighted by previous research [6,23].  

Case A came close to the current in situ hanging wall cave limit, which suggests that the width 
and flow of the cave rock zone was adequately simulated at the current mining stage. The cave rock 
zone in Case B was much wider than that suggested by Case A and the field estimate. The 
comparison of the two modelled cases showed that the extent and pattern of damage in the footwall 
rock mass are dependent not only on the footwall strength but also on the hanging wall strength. 
Future studies of rock mass damage in the footwall rock mass thus need to focus on both the 
hanging wall strength and the footwall strength in any effort using damage patterns as the basis for 
calibration.  

The elastic deformation ahead of caving on the hanging wall was not well captured by either 
modelled case. Case A arguably replicates the development of steps and chimneys at the inner edge 
of the discontinuous deformation zone, but does not capture the small-scale tensile fractures 
forming ahead of the cave limit, as the fractures that do form coalesce rapidly to facilitate the cave 
limit toppling. The expected transition between the discontinuous and continuous deformation 
zones, and thus the break angle of the operation, cannot be readily determined for the modelled 
case. As described earlier, it is plausible that this model limitation is related to the equivalent 
homogeneous material approach. The anisotropic behaviour related to natural joint planes likely has 
a significant impact on the near ground surface behaviour of the hanging wall as the material strives 
to shift towards the cave zone. The lack of such distinct weakness planes means that the model caves 
less readily and breaks into blocks larger than expected from field observations. This also means that 
the deformations ahead of caving in the model cases are purely elastic, the plastic component from 
joint opening in the field is neglected and the resulting deformations are much smaller than the 
actual response on site. 

6. Conclusions 

The rock mass response to mining at the Kiirunavaara mine was studied using PFC. The 
equivalent rock mass input was estimated using a combination of measured data, rock mass 
classification results and back analysis data from previous studies. The model response was 
evaluated related to observations from both the hanging wall and footwall and the impact on 
footwall damage from varying the hanging wall strength was studied. The major conclusions of this 
study are:  

• Geomechanical parameters derived from back analysis of damage observed both for the 
hanging wall and the footwall indicate lower rock mass strength than values from empirical 
scaling of intact material properties by rock mass classification. Geological data were used, 
together with the rock mass classifications, to find the upper and lower limits for the 
geomechanical parameters derived from back analysis of damage locations. The resulting input 
was used in a model shown to be capable of capturing damage location and subsidence trends 
but not subsidence magnitudes.  
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• There is a clear relationship between the strength of the hanging wall and the damage in the 
footwall. A wider cave zone resulting from a relatively weaker model of the hanging wall 
produces more deeply seated damage in the footwall than a narrower cave zone. 

• The damage in the footwall underground infrastructure is not the result of a coherent 
large-scale footwall failure but a symptom of local rock mass damage, which forms a large-scale 
pattern.  

• The full range of hanging wall caving behaviour was not well represented by the applied 
equivalent homogeneous material approach. It is likely that the anisotropy related to natural 
joint sets plays an important role at the cave limit. Future models should thus strive to account 
for this if a better representation of the cave development is sought. 

Acknowledgments: The author acknowledges the funding and right to publish granted for this study by LKAB. 
Thanks are also due to Centre of Mining and Metallurgy (CAMM) at Luleå University of Technology (LTU). 
The author also acknowledge the on-site contributions during data collection by LKAB research staff in 
particular Karola Mäkitaavola, Britt-Mari Stöckel, Åke Öhrn, Erik Swedberg (formerly LKAB), Mirjana 
Boskovic and Håkan Krekula (formerly LKAB). Finally, thanks are due to Andreas Eitzenberger (LTU) and 
Adjunct Professor Jonny Sjöberg (Itasca Consultants AB) for valuable comments throughout the study 
underlying this paper. 

Author Contributions: The first author carried out the field work, the analysis and authored the paper. The 
second author aided in the interpretation of the results and corrected the draft version of the manuscript.  

Conflicts of Interest: There are no conflicts of interest 

References 

1. Stöckel, B.M.; Mäkitaavola, K.; Sjöberg, J. Hangingwall and footwall slope stability issues in sublevel 
caving. Proc. Slope Stab. 2003, 1045–1060. 

2. Villegas, T.; Nordlund, E. Numerical simulation of the hangingwall subsidence using PFC2D. In 
Proceedings of the 5th International Conference and Exhibition on Mass Mining, Luleå, Sweden, 9–11 June 
2008.  

3. Villegas, T.; Nordlund, E. Numerical analyses of the hangingwall failure due to sublevel caving: Study 
case. Int. J. Min. Miner. Eng. 2013, 4, 201–223. 

4. Henry, E.; Dahnér-Lindqvist, C. Footwall stability at the LKAB’s Kiruna sublevel caving operation, 
Sweden. In Proceedings of the 3rd International Conference and Exhibition on Mass Mining, Brisbane 
Australia, 29 October–2 November 2000. 

5. Svartsjaern, M.; A, Saiang, D.; Nordlund, E.; Eitzenberger, A. Conceptual numerical modeling of large 
scale footwall behavior at the Kiirunavaara mine, and implications for deformation monitoring. Rock Mech. 
Rock Eng. 2016, 49, 943–960 

6. Eniro. Website and Map Service. Avalible online: http://kartor.eniro.se (accessed on 8 April 2016). 
7. Sjöberg, J. Analysis of Large Scale Rock Slopes. Ph.D. Thesis, Luleå University of Technology, Lulea, 

Sweden, 1999.  
8. Villegas, T.; Nordlund, E.; Dahnér-Lindqvist, C. Hangingwall surface subsidence at the Kiirunavaara 

Mine, Sweden. Eng. Geol. 2011, 121, 18–27. 
9. Lupo, J.F. Evaluation of Deformations Resulting from Mass Mining of an Inclined Orebody. Ph.D. Thesis, 

Colorado School of Mines, Golden, CO, USA, 1996. 
10. Itasca Consulting Group Inc. PFC 5.0 Documentation. Minneapolis, USA. 2015. 
11. Malmgren, L.; Sjöberg, J. Bergmekaniska Analyser för ny Huvudnivå KUJ; Internal Document; LKAB: Luleå, 

Sweden, 2006. (In Swedish) 
12. Sandström, D. Analysis of the Virgin State of Stress at the Kiirunavaara Mine; Licentiate Thesis; Luleå 

University of Technology: Lulea, Sweden, 2003. 
13. Mattsson, H.; Berglund, J.; Magnor, B. Strukturgeologisk Modell över Kiruna Gruvområde; Internal Document; 

LKAB: Luleå, Sweden, 2010. (In Swedish). 
14. Sjöberg, J.; Lundman, P.; Nordlund, E. Analys Och Prognos av Utfall i Bergschakt, KUJ 1045 Slutrapport; 

Internal Document; LKAB: Luleå, Sweden, 2001. (In Swedish) 



Minerals 2017, 7, 109 20 of 20 

 

15. Vatcher, J.; McKinnon, S.D.; Sjöberg, J. Developing 3-D mine-scale geomechanical models in complex 
geological environments, as applied to the Kiirunavaara Mine. Eng. Geol. 2016, 203, 140–150. 

16. Villegas, T. Numerical Analyses of the Hangingwall at the Kiirunavaara Mine; Licentiate Thesis; Luleå 
University of Technology: Luleå, Sweden, 2008. 

17. Svartsjaern, M.; Saiang, D.; Mäkitaavola, K. Underground footwall monitoring at the Kiirunavaara SLC 
mine, Sweden. In Proceedings of the Seventh International Conference and Exhibition on Mass Mining, 
Sydney Australia, 9–11 May 2016. 

18. Mas Ivars, D. Bonded Particle Model for Jointed Rock Mass. Ph.D. Thesis, Royal Institute of Technology, 
Stockholm, Sweden, 2010. 

19. Potyondy, D.O.; Cundall, P.A. A bonded particle model for rock. Int. J. Rock Mech. Min. Sci. 2004, 41, 1329–
1364. 

20. Dahnér-Lindqvist, C. Liggväggstabiliteten i Kiirunavaara; Bergmekanikdagen: Stockholm, Sweden, 1992; pp. 37–52. 
(In Swedish) 

21. Singh, U.K.; Stephansson, O.J.; Herdocia, A. Simulation of progressive failure in hangingwall and footwall 
for mining with sub-level caving. Trans. Inst. Min. Metall. 1993, 102, 188–194. 

22. Lupo, J.F. Numerical simulation of progressive failure from underground bulk mining operations. In 
Proceedings of the 37th U.S. Symposium on Rock Mechanics Rotterdam, Vail, CO, USA, 7–9 June 1999; pp. 
1085–1090. 

23. Sitharam, T.G.; Madhavi Latha, G. Simulation of excavations in jointed rock masses using a practical 
equivalent continuum approach. Int. J. Rock Mech. Min. Sci. 2002, 39, 517–525.  

24. Hoek, E.; Carranza-Torres, C.; Corkum, B. Hoek-Brown Failure Criterion—2002 Edition. In Proceedings of 
the 5th North American Rock Mechanics Symposium and 17th Tunneling Association of Canada 
Conference, Toronto, ON, Canada, 7–10 July 2002; Volume 1, pp. 267–271. 

25. Hoek, E.; Diederichs, M. Empirical estimation of rock mass modulus. Int. J. Rock Mech. Min. Sci. 2006, 43, 
203–215 

26. Gercek, H. Poisson’s ratio values for rocks. Int. J. Rock Mech. Min. Sci. 2007, 44, 1–13 
27. Svartsjaern, M.; Eitzenberger, A. Determination of magnitude completeness from convex 

Gutenberg-Richter graphs in the central portion of the Kiirunavaara mine. J. S. Afr. Inst. Min. Metall. 2017, 
in press. 

28. Vyazmensky, A.; Stead, D.; Elmo, D.; Moss, A. Numerical Analysis of Block Caving-Induced Instability in 
Large Open Pit Slopes: A Finite Element/Discrete Element Approach. Rock Mech. Rock Eng. 2010, 43, 21–39. 

29. Vyamensky, A.; Elmo, D.; Stead, D. Role of Rock Mass Fabric and Faulting in the Development of Block 
Caving Induced Surface Subsidence. Rock Mech. Rock Eng. 2010, 43, 533–556. 

30. Lei, Q.; Latham, J.-P.; Xiang, J.; Tsang, C.-F.; Lang, P.; Guo, L. Effects of geomechanical changes on the 
validity of a discrete fracture network representation of a realistic two-dimensional fractured rock. Int. J. 
Rock Mech. Min. Sci. 2014, 70, 507–523. 

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 



PAPER 5 

 
A prognosis methodology for underground infrastructure 

damage in sublevel cave mining 

 

 

 

 

 

 

 

 

 

 

 
______________________________________________________________________ 

Svartsjaern, M.,(2017). A prognosis methodology for underground infrastructure 
damage in sublevel cave mining. Submitted to Rock Mechanics and Rock Engineering 

_____________________________________________________________________ 
 
 
 

 

 

 

 





1

A prognosis methodology for underground infrastructure damage 
in sublevel cave mining
Mikael Svartsjaern

Department of Civil, Environmental and Natural Resources Engineering, Luleå University of 
Technology, Laboratorievägen, Luleå 97187, Sweden;

Correspondence: mikael.svartsjaern@ltu.se; Tel.: +46-920-491906

Abstract: In sublevel caving (SLC) the caving of the hangingwall due to ore extraction emphasizes 
placement of the mining infrastructure in the footwall. While the footwall in general is less affected by 
ground settlement compared to the hangingwall the changes in stress field from mining is significant.
The footwall infrastructure must thus be positioned sufficiently far into the footwall to avoid damage 
from the mining induced stress, however, placing the infrastructure farther into the footwall increases 
costs associated with additional drifting and operational distances. This paper presents a case study in 
which a robust prognosis tool for predicting infrastructure damage associated to SLC mining is 
developed. The concept of the proposed methodology was developed for the Luossavaara-
Kiirunavaara Aktiebolag (LKAB) Kiirunavaara SLC mine. Initial steps are data collection through 
systematic damage mapping followed by conceptual modelling of the general rock mass response to 
mining. The results of the conceptual models are used as the basis for refined calibrated models 
detailing the damage development and failure mechanisms. The main system behaviour, failure 
mechanism and associated damage evolution are incorporated into a bi-linear equation using the 
studied depth and local ore width as input to estimate the final horizontal damage extent from the 
footwall contact after mining of any specific level. The proposed relationship accurately replicates the 
current damage pattern within 40 m for more than 70 % of the recorded observations up until current 
mining. The anticipated future damage extent is also shown to be well correlated with current micro-
seismic event locations. The connection between seismic rock mass damage and subsequent 
infrastructure damage during de-confinement suggests that current seismic records from operations,
which currently experience no stability issues, might become important at later mining stages.

1. Introduction 
Sublevel caving (SLC) is a well-established mass mining method for extracting massive sub-vertical 
ore bodies. The ore is accessed from sublevels extending from the footwall and caving is initiated by 
conventional blasting. As the ore is mined, the hangingwall caves to fill the voids created by the ore 
extraction. The method inherently entails deformations on the ground surface, primarily on the 
hangingwall, as well as significant changes in the primary stress field underground. Due to the 
expected caving of the hangingwall the majority of underground infrastructure is generally placed on 
the footwall side of the orebody, including both temporary production infrastructure as well as life-of-
mine installations. This infrastructure must be positioned sufficiently far away from the footwall 
contact to avoid being damaged from stress changes associated with the mining during the expected 
operational life. However, placing the infrastructure farther into the footwall increases costs associated 
with additional drifting and operational distances. 

This paper presents a case study in which a prognosis tool for predicting infrastructure damage 
associated to SLC mining is developed. The method results in an estimate of the extent of the ultimate 
damaged zone relative to the footwall contact for future mining steps. The results serve as an aid to 
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make more informed decisions on the placement of short-, mid- and long-term infrastructure, based on 
expected rehabilitation needs. 

The concept of the proposed methodology was developed for the Luossavaara-Kiirunavaara 
Aktiebolag (LKAB) Kiirunavaara SLC mine. The mine is one of the oldest and largest SLC mines in 
the world and has thus been of great interests for academic and industry research for decades. The 
ground surface settlements on the hangingwall has been studied by numerous researchers (e.g. 
Stephansson et al., 1978, Singh et al., 1993, Villegas et al., 2011, Stöckel et al., 2013) due to the 
proximity of the mine site to the town of Kiruna. The large scale failure mechanisms of the footwall 
have also been a re-occurring matter of concern. The primary failure mechanism has historically been 
proposed to be large scale tensile failure (Singh et al., 1993), or progressive shear failure (e.g. Lupo,  
1996; Sjöberg 1999). In these studies, as well as other contemporary studies e.g. Henry & Dahnér-
Lindqvist (2000) and Sitharam & Madhavi (2002), the footwall was treated as a rock slope supported 
by the caved rock from the hangingwall. The expected failure mechanism in the footwall was thus 
naturally expected to be of a traditional slope failure type. Through the application of the methodology
proposed in this paper it was shown that the damage in the footwall is not caused by any common 
slope mechanism. Damage does occur in the footwall infrastructure without the appearance of any 
large scale damage, with the underlying cause suggested to be local shear failures reactivated by loss 
of confinement (Svartsjaern et al., 2016-a; Svartsjaern & Saiang, 2017).

2. Methodology  

2.1.Working procedure  
The conceptual steps involved in the development of the prognosis tool is visualised in Figure 1.
Initial steps are data collection through systematic damage mapping followed by conceptual modelling 
of the general rock mass response to mining. The results of the conceptual models are used as the basis 
for refined calibrated models detailing the damage development and failure mechanisms. 
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Figure 1 Proposed methodology for developing a prognosis tool for large scale underground 
damage development from SLC.

Damage mapping is one of the primary observational sources of rock mass behavioural data. The 
collection of damage location data is therefore standard work in practically any underground mining 
operation. Due to its routine nature, literature references to the damage mapping approaches adapted 
are few and descriptions are general, see e.g. Cifuentes et al (2012). However, an adequate data base 
of damage observations, unrelated to the collection methodology, is often the best tool for validating 
and calibrating explanatory models. In this context, the use of numerical modelling for studying failure 
mechanisms and damage development is well established as one of the principal explanatory methods 
for stability analysis. The basis is that the models used must be verified, validated and for specific 
applications, calibrated. 

Verification is related to the code package itself in that it should be proven that calculations are 
performed correctly and that physical laws are enforced in a robust manner. The process of 
verification is almost exclusively performed by the code supplier and commercial codes are thus in 
almost all cases verified before model design has even begun. Validation of a particular model is 
performed to support that the correct behaviour is indeed simulated i.e. that the question asked is in 
par with the answer sought. The final step, calibration, is to adjust the input values, not the method, so 
that the result of the validated model corresponds to pre-set criteria e.g. displacement data, failure 
locations or stress measurement results. This calibration procedure can also be referred to as back 
analysis as the aim of the calibration is to re-create past observations to fine-tune the model. In 
summary a verified code should perform correct calculations and adhere to the laws of physics. A 
validated model should arguably replicate correct system behaviour. A calibrated model should, in 
addition, also give results fitting pre-defined criteria such as failure mechanism, failure location or 
displacement pattern and magnitude. A model adequately calibrated for one output, e.g. displacements, 
might return inadequate results in term of stresses, but might still be adequate for subsidence studies. 
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Validated models re-create correct system behaviour and are thus powerful tools when studying failure 
mechanisms and characteristic behaviour. These models are often a first stage defining a starting point 
for calibration models (e.g. Sainsbury et al., 2008; Pardo & Villaescusa, 2012) but can also be used 
independently to draw conclusions on the system behaviour (e.g. Zhang & Mitri, 2008; Vyazmensky 
et al., 2010; Sand & Trinh, 2011). The need for calibrated models arise when the studied problem 
becomes very specific such as back calculation of a specific failure (e.g. Eberhardt et al., 2004; Dight,
2006) or forecasting future behaviour (e.g. Lupo, 1996; Sjöberg, 1999).

2.2. Prognosis tool  
While calibrated numerical models, especially models of high detail and complexity, will offer 
significant insight into the studied problem they may be ill-suited for routine work or information 
dissemination due to computation time and interpretation complexity. The versatility of calibrated 
models might add comprehensive output options and input requirements not related to the specific 
problem studied. The main conclusions and behaviours shown by the models are here proposed to be 
scaled down into a more simple tool, which functions with only a few input and output options within 
the studied area. For the Kiirunavaara case, the main system behaviour, failure mechanism, and 
associated damage evolution are incorporated into a bi-linear equation using the studied depth and 
local ore width as input to estimate the final horizontal damage extent from the footwall contact after 
mining of any specific level. 

2.3.Validation of concept 
Confirmation of the anticipated damage development outside the scope of damage mapping is 
necessary in volumes that are inaccessible for manual inspection. To validate damage models the rock 
mass behaviour must often be indirectly assessed. One of the most promising approaches is arguably 
tracking of rock mass fracturing by recording micro-seismic events. The basis for such analyses is the 
fact that a seismic event is an indication of changes in rock mass properties due to initiation, slip, and 
growth of fractures (e.g. Shen et al., 1995). Cai et al. (2001) and Shen et al. (1995) recognise this 
fracture growth as a reduction of the rock mass matrix stiffness. This effect was also demonstrated by 
Young et al. (2004) who observed a reduction in the Young´s modulus following recorded micro-
seismicity. The correlation between fracture growth and subsequent stiffness reduction was used by 
Agliardi et al. (2013) to track progressive fracture growth leading up to rock mass failure by 
measuring changes in GSI (Geological Strength Index). Moss et al. (2006) indicated increase in 
seismicity near mobilised rock mass volumes in the Palabora mine pit slopes, and similar conclusions
were presented for the Century mine by Salvoni & Dight (2016). The potential of using seismic data 
for rock mechanical back analysis was also explicitly stated by Mendecki et al. (2010).

In the current study, the potential of using micro-seismicity to track rock mass fracturing and 
mobilisation is utilised as part of the concept validation. The seismic records are used to indicate 
regions of active fracturing allowing the reliability of the prognosis tool to be indirectly evaluated in 
regions where the infrastructure damage has not yet fully developed, or the rock mass is not physically 
accessible. This has the advantage of allowing the prognosis tool to be evaluated with respect not only 
to past (concept) and current (calibration) infrastructure damage, but also indirectly for future 
infrastructure damage locations, validating the extrapolation of the tool for the current and future 
mining steps. 
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3. Case study 

3.1. The Kiirunavaara mine 
The Kiirunavaara mine, also known as Kiruna mine, is located near the city of Kiruna in the county of 
Norrbotten in northern Sweden. Mine operations date back to the early 1900s with a transition from 
open pit to underground mining in the late 1950s. Current annual production is in the range of 27
million tonnes of iron ore per year (Edelbro et al., 2012). The northernmost part of the currently mined
ore volume was never exploited by the open pit operation. This northern extension of the ore is named 
the Lake ore ("Sjömalmen") and the underground only access resulted in a ground surface footprint by 
caving of the Lake ore cap-rock, Figure 2.

Figure 2 Aerial photographs of the Kiirunavaara surface footprint, from Svartsjaern & Saiang 
(2017), originally adapted from (Eniro, 2016).

The underground mine can be described as three principal parts when described along the orebody 
from north to south; (i) the northern part with Y-coordinates <21, including the Lake ore, (ii) the “mid 
part” including the Central facilities area (CA-area), hosting the life of mine infrastructure located 
some hundreds of meters into the footwall, at Y21-25 and (iii) the southern part comprising Y-
coordinates 25-50. The production areas in the respective parts are divided into production blocks 
roughly 400 m wide named by the centre Y-coordinate. The principles of the underground layout are 
shown in Figure 3.

The current main haulage level is at 1365 m, though a few remaining blocks still use the previous 
main haulage level located at 1045 m. Production in the main orebody is performed between levels 
993 and 1051 m depending on the production block. Level designations use an artificial ground 
surface based on the pre-mining peak of the Kiirunavaara mountain. Due to undulation of the current 
ground surface the mining level might be indicated up to 200 m deeper than the actual depth from 
surface. 
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Figure 3 Principle layout of the underground mining infrastructure as seen from the footwall,
image courtesy of LKAB.

The footwall host rock shows a high degree of intermix between identifiable rock types. The main 
rock type groups are Precambrian aged trachy-andesites, locally referred to as syenite porphyries in 
five groups– SP1 to SP5. The strength properties of the individual subgroups are comprehensively 
summarized by Vatcher et al. (2016). Uniaxial compressive strengths (UCS) are shown to range from 
from c. 130 MPa (most altered rock) up to extremely competent rocks at a maximum of around 600 
MPa. The intermixing of rock types makes classification of the rock mass subjective to the 
investigated volume size. As a general average, Sandström (2003) summarized the reported RMR 
values of the footwall to a range between 49 and 69.

The orebody strikes north-south with an eastwards dip of about 60 and is parallel to the orientation of 
the dip of the stratigraphy and regional foliation. The orebody constitutes a fine-grained magnetite 
with intergrown with various amounts of mainly apatite with a variable width of a few meters up to as 
wide as 200 m but averaging 80-90 m (Andersson & Rutanen, 2016). The current and previous mining 
shows a gentle dip-along-strike towards the north, extending the footprint of the SLC northwards from 
the old open pit. In general the ore is considered less competent and possibly more ductile than the 
host rock (e.g. Vatcher et al., 2016).

The hangingwall, similarly to the footwall, shows a high degree of intermix between rock types. The 
main groups constitute pyroclastic rhyodacites referred to as quartz-bearing-porphyry, QP, e.g.
Geijer, (1960). Laboratory data shows no significant difference in strength properties between the QP 
groups as presented by Vatcher et al. (2016) but the hangingwall is in general considered to be less 
competent than the footwall (e.g. Villegas & Nordlund, 2013; Vatcher et al., 2016). For the 
hangingwall Villegas & Nordlund (2013) reported a GSI of 60-80 which is roughly equivalent to an
average RMR of 55-75 (Hoek et al., 2013) , while Bäckström et al. (2015) report values in the range 
30-70 at large depth (close to level 1365), with the lowest values in the south.

Sandström (2003) shows that the state of stress in the mining area is highly non-uniform with large 
variation in both direction and magnitude when comparing levels below, at, and above the mining 
front. Due to the large and long-term mining operations the difference between virgin and secondary 
stresses is significant. The major virgin principal stress acts perpendicular to the ore-body and thus the 
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footwall; as a result secondary stresses tend to concentrate at the footwall slope toe beneath the 
production level. Sandström (2003) also summarised the stress measurements conducted in the 
Kiirunavaara mine before 2003.

3.2. Damage to the Kiirunavaara footwall 
Over the last 30 years the mine has experienced a slow but progressive fracturing and deformation in 
the footwall rock mass. This movement of the rock mass is assumed to be directly related to the 
sequential SLC operation. As the orebody is extracted the footwall contact becomes de-stressed and 
assumes a slope-like geometry with the pre-mining footwall contact as “slope face”, see Figure 4.
While the footwall “slope” is partially supported by the caved rock masses from the hangingwall (e.g. 
Villegas & Nordlund, 2008; 
Stöckel et al., 2013) the back pressure from the caved masses is significantly lower than the initial 
confinement. Damage to the footwall infrastructure has been observed underground since the late 
1980s while cracks on the ground surface have been systematically mapped and tracked in varying 
regularity since 1992 (e.g. Lupo, 1996).

The use of SLC as the main excavation method for decades has left behind a substantial amount of 
decommissioned infrastructure in the footwall. The footwall rock is thus accessible through the left-
behind infrastructure and the damage progression above mining can systematically tracked by damage 
mapping.

Figure 4 Concept of rock mass reactions to mining at Kiirunavaara, from Svartsjaern & Saiang 
(2017), originally adapted from Villegas et al. (2011) and Svartsjaern et al. (2016-a).

3.3. Damage mapping 
Damage mapping in the decommissioned infrastructure of the footwall has been systematically 
performed by LKAB staff at each transition from one main haulage level to the next, and 
intermittently during the time spans between in relation to specific projects. This resulted in a vast 
databank of damage observations with a large span in time covering most of the accessible footwall. 
As part of a directed footwall stability project the decommissioned, and still accessible, footwall 
infrastructure has been systematically mapped on a yearly basis over the last five years (Nilsson et al.,
2014; Svartsjaern et al., 2016-b). Combined with the earlier documented observations, the annual 
inspection has been used to establish a damage extent boundary (DEB) in the footwall. The 
progression rate of the DEB into the footwall related to the mining sequence is also estimated. The 
DEB represents a conceptual boundary; between the DEB and the footwall contact the infrastructure is 
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classified as damaged, outside the boundary the infrastructure is undamaged, or only locally damaged 
due to specific local conditions such as alteration zones or unfavourable infrastructure layout.

The DEB is conceptually sketched as an outlining border on each mapped level by interpolating
between observations. The individual border outlines are then interpolated between the observation 
levels to form a continuous surface approximating the damage extent in non-accessible areas. The 
procedure is visualised in Figure 5, where damaged areas are subjectively classified as heavily 
damaged (red) or lightly damaged (orange). The border outline is sketched to encompass all coloured 
areas for each level and the levels are then connected to form a surface. The DEB is defined through 
the following 8 steps. (1) Accessible infrastructure is identified and maps containing major structures 
and geometries are prepared. (2) Historical damage notations are gathered (blue notes) and the area is 
re-inspected and the current damage state is indicated by adding new observations to the historical set 
of notes (orange notes). (3) The area is subjectively classified as heavily damaged (red) or lightly 
damaged (orange); for this study the judgement was based on if the damaged area is safely traversable 
or not. (4) The damaged areas are transcribed on to full 3D maps in the actual mine coordinates for 
each mapped level. (5) All information except the damaged areas is removed and the mapped levels 
combined into one file (6). (7) The outer contour of the damaged areas area traced on each level by 
contour lines and connected between levels at each full Y-coordinate (100 m sections). (8) The 
resulting 100 m wide panes between the inspected levels are filled in to create a continuous surface 
interpolating the extent of the damage zone between observation points.
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Figure 5 Damage mapping methodology from clean map, through observation and evaluation to 
establishment of large scale patterns and the formation of a damage extent boundary (DEB).

3.4.Numerical models  
Two sets of numerical models were developed for the footwall stability project; initial conceptual 
models to study the deformation behaviour and damage evolution (Svartsjaern et al., 2016-a) and 
based on the results calibrated models for detailed study of the failure mechanism and damage 
progression (Svartsjaern & Saiang, 2017). Both model sets are 2D models located at Y23 in the centre 
of the CA-area. 

3.4.1. Conceptual models – UDEC 
The complexity of the rock mass at the Kiirunavaara mine means that the geomechanical classification 
of the rock mass alone is not enough to create a validated numerical model. To study the rock mass 
behaviour, a calibrated model was developed in in UDEC (Itasca, 2011) through a a parametric study.
Ranges of material properties from previous studies were evaluated relative to the mapped damage 
locations and inferred damage progression (Svartsjaern et al., 2016-a) to derive calibrated input by 
best fit.
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The conceptual models included caved rock by replacing the hangingwall elements overlying the 
mining steps with low stiffness materials which were allowed to slip and detach from the footwall 
contact. The rock mass properties and corresponding damage patterns were evaluated with respect to 
the mapped DEB position. No indication of large scale (slope type) failure was found that fit the 
mapped damage in the underground infrastructure. On the contrary, the best correlation between 
damage indicators and field damage locations was found by studying shear strain concentrations and 
material yielding for models experiencing local shear failure in the rock mass but without the 
development of curved shear failure surfaces (shear band formation).

The principal results of the conceptual models are shown in Figure 6 for mining down to level 993 m 
(current main mining level 2014). The material yielding and shear strain concentrations for the best fit 
models accumulate near the active mining level, while most systematic infrastructure damage is found 
higher up in the footwall on decommissioned levels. This seeming discrepancy is explained by 
studying the cumulative displacements. While the displacement rate is highest in the high shear strain 
zone the accumulated displacements increase with distance from the mining area. The models thus 
suggest that a certain amount of accumulated relative displacement must occur in the rock mass before 
the rock mass damages manifest as infrastructure damage. Similar results were also found for the El 
Teniente mine where a limit of 0.5 % total horizontal strain in the rock mass was suggested as a 
damage limit (Cavieres et al., 2003) and 0.5 % total strain was adopted for the Palabora block cave 
mine by Sainsbury et al. (2016). The horizontal deformation pattern after same-level ore extraction 
was also indicated for sublevel stoping operations by Zhang & Mitri (2008).
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Figure 6 UDEC results from parametric study showing patterns of (i) shear strain, (ii) yielded 
elements, (iii) concept of 3D DEB to 2D model, and (iv) cumulative displacement vectors, 
adapted from Svartsjaern et al. (2016-a), black line indicates 2014 field estimate of the DEB 
position.

3.4.2. Calibrated models – PFC 
The conceptual models indicate that the primary damage to the rock mass occurs close to the mining 
level and that rock mass fracturing is occurring in a high stress environment (Svartsjaern et al., 
2016-a). In order to further study the damage development, particularly the impact of confinement due 
to the caving of the hangingwall on footwall damage, additional models were constructed using the 
code PFC2D (Itasca 2015). The rock mass input for the models were calibrated with respect to the 
expected shear failure under high compression (Svartsjaern & Eitzenberger, 2017) using the parameter 
results from the conceptual models limited by ranges derived from rock mass classification
(Svartsjaern & Saiang, 2017).

The calibrated models show similar behaviour as the conceptual near the active mining level. The 
extent of the damaged zone aligns closely with the mapped DEB position in the upper, 
decommissioned, footwall. The caving of the hangingwall is well captured for the current mining stage 
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but does not continuously fit the historic caving pattern. The discrepancy on the hangingwall is likely 
due to the calibration of the rock mass for shear failure (or compression) induced damages while 
caving of the hangingwall likely relies mainly on tensile mechanisms. 

Figure 7 PFC results showing rock mass fracturing after mining SLC down to level 1020 m (teal 
box) with current (2016) field estimate of DEB indicated by blue line.

The damaging processes in the footwall rock mass are mostly concentrated near the production areas. 
Significant fracturing initiates about 2-3 sublevels below active mining, see Figure 7. The influence 
zone from mining, where most rock mass damage occurs, can for the footwall in 2D be described as a 
semi-circle centred on the active mining level as visualised in Figure 8. Consequently, the horizontal 
extent of damage into the footwall at any level, i.e. the final DEB position, corresponds to the 
maximum radius of the influence zone for mining of the specified level or the one to two levels above. 
On levels overlying active mining continued rock mass damage mostly occurs inside the already 
affected volume and the final DEB position does not move significantly deeper into the footwall. This 
simulated behaviour corresponds well to the observed behaviour of the upper footwall where mapping 
shows no significant movement of the DEB position on levels between 320 m and 740 m over the last 
15 years (Svartsjaern, 2016).
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Figure 8 Primary influence (fracturing) zone per mining step. Majority of new fractures in the 
footwall develops at and 2-3 levels below current mining step. Teal colour indicates reference 
level 1020 m, blue colour indicates current mining step in plotted model.

The damage evolution concept based on the damage mapping data and the numerical models is further 
illustrated in Figure 9. The damage process occurs in three stages related to the relative confinement in 
the affected zone: 

(i) The rock mass hosting the infrastructure is damaged by concentration of differential stress and 
stress rotations beneath the active production. This damage primarily manifests as seismic events (the 
event itself, not the stope damage caused by the seismic wave) and only to a lesser extent as direct 
damage to the infrastructure (e.g. spalling events or non-seismic rock-fall).

(ii) The weakened rock mass starts to displace as confinement is reduced when the cave zone above 
the mining level widens. This causes rock-falls related to “random” fracture orientations, crushing 
failures of fractured pillars and walls and slip along natural persistent structures. This stage is shown 
in the damage extent boundary as the non-linear tracing of infrastructure damage starting at the SLC 
and moving outwards into the footwall with decreasing depth. 

(iii) As the cave zone becomes even wider the de-stressed zone becomes larger than the damaged zone 
formed during stage (i). At this stage, the stage (ii) damages cease and continued damage to the 
infrastructure farther into the footwall is primarily controlled by slip along natural persistent 
structures. 
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Figure 9 Concept of current damage evolution theory, from Svartsjaern & Saiang (2017). The 
figure is conceptual and does not feature representations of all natural joint set orientations

3.5.Prognosis tool – empirical equation for damage prediction 
The evolution theory for the large scale footwall damage has a clear connection to the magnitude of 
confining stress. It is reasonable to assume an association between the stress path change from mining 
(controlling the width of the de-stressed zone) and the width of the cave zone. It is also reasonable that 
the width of the cave zone is dependent on the original ore width prior to mining.   
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The effect of ore width on the extent of failure in the footwall (for mined levels) in the calibrated 
numerical model is shown in Figure 10. Underneath the level 600 m there is a pattern where a
narrower ore body model shows a more narrow damage zone than an 80 m base case and a wider ore 
zone results in a slightly wider damage zone. The pattern is reversed above the level 600 m and is 
likely caused by a dissimilar caving initiation in the hangingwall between the models. After mining of 
the level 600 m both models show similar caving behaviour. 

Figure 10 Relative difference (in meters) between PFC model using constant (80 m) ore width 
and PFC model using the real 2D ore geometry at Y23. Positive values indicate real geometry to 
be wider than the 80 m base-case, both data sets are retrieved after mining down to the level 
1500 m.

The median of observed damage depth (horizontal distance to DEB) is taken along each mappable 
level overlying level 820 m and plotted relative the median ore width for the respective level together 
with the numerical results of the PFC base case (80 m orebody) model in Figure 11. Observations in 
the field below level 820 m are not included as confinement under, and including on, level 820 m is 
deemed sufficiently high to prevent the damage zone to fully manifest according to the concept in 
Figure 9. Assuming a linear relationship for both data sets indicates the same slope incline for the 
linear trends but with a slight offset.
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Figure 11 DEB / ore width ratios for median of actual observations per level and PFC 80 – base 
case model, values from levels 509 m and 540 m are averaged due to the close proximity of the 
observations to avoid bias at this depth interval.

The linear slopes in Figure 11 (with the offset given by the “median observation” data) form the basis 
for an empirical bi-linear relationship for estimating the DEB position at any given depth depending 
on the local ore width. The relationship is further described below and is in this paper from now 
referred to as Eq.1.    

 ( ) = (0.002 0.4) max   
  

 
Eq.1

Where the DEB position is indicated relative to the footwall contact for a specified level depending on 
the level designation (depth) and the maximum ore width (the largest observed width) evaluated at the 
studied level and the sublevel above following the concept shown in Figure 8. The values 0.002 and -
0.4 represent empirical scaling parameters and are thus site dependent. 

Eq. 1 is applied assuming a constant ore width of 80 m and the results from the PFC base case and the 
median field observation values per level are normalised relative the results from Eq. 1 and plotted in 
Figure 12 (left). Similarly, Eq. 1 is applied using the actual ore geometry along Y23 and the results 
from the PFC actual geometry and the specific field observations at Y23 are normalised relative the 
results from Eq.1 and plotted in Figure 12 (right). Relative to the median field observations per level
(blue line), Eq. 1 (red line) is slightly non-conservative while the PFC base case (green line) is slightly 
conservative. Using the actual ore width and damage locations along a specific section Eq.1 seemingly 
averages the observations while the PFC model replicates the damage locations well, both with the 
exception of level 420 m. 
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Figure 12 Left: Median field observation (per level) and PFC base case results for horizontal 
damage depth normalised relative Eq 1. Right: Specific observations at Y23 and PFC real ore 
geometry normalised relative Eq 1. Note that levels 509 m and 540 m are reported separately 
contrary to in Figure 11.

In Figure 13 (left) all damage observations between Y20 and Y36 above level 800 m are plotted 
relative to the expected location by Eq.1 as verifiable observations alternative non-verifiable 
observations. In this case, a verifiable observation means that undamaged infrastructure can be 
mapped “behind” the observed damage and the DEB position can thus be considered verified. 
Contrary, an un-verified observation is a damage location where damage is found but there is no 
accessible infrastructure farther into the footwall, it is thus possible that damage extends farther into 
the footwall than indicated by mapping. The interpreted accuracy of Eq.1 for each set is visualised in 
Figure 13 (right). The data is considered to be normally distributed with a mean of 4.2 m and a 
standard deviation of 35.8 m for the combined set containing all data points, the corresponding 
boundaries from the standard deviation, -32 m and 40 m, have been indicated for both plots in Figure 
13.

Figure 13 Left: spread plot of observations relative to predicted location for verifiable (v) and 
non-verifiable (nv) field observations per level. Right: Histogram showing accuracy spread for 
Eq. 1 relative field observations, outliers deviating more than 100 m have been cut from the plot,
bin size is 5 m.
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3.6.Correlation to micro-seismicity 
It has been shown that the location of seismicity associated with rock mass fracturing can be correlated 
with bond breakage in PFC (e.g. Hazzard & Young (2000;2004), Cai et al. (2007)). Further, a possible 
correlation between stress difference concentrations and seismic event clustering was shown for the 
Creighton mine by Snelling et al. (2013). It is therefore reasonable that the areas indicated by Eq. 1
and the PFC models will be associated with increased seismic activity. In Figure 14 seismic events 
containing shear-slip components (evaluated in accordance with the findings reported in Svartsjaern & 
Eitzenberger (2017)) with a local magnitude above -1.0 are shown for the time period 2014-2016
corresponding to mining of levels 993 and 1020 m. Events located in the ore or hangingwall are 
dimmed grey while events in the footwall are black or red if inside the predicted influence zone for the 
associated mining step. It is clear that there is a clustering of events at, and a few sublevels below, the 
active mining level. The concentration in the anticipated influence zone indicates active rock mass 
fracturing in this area. Similar patterns have also been observed for mining of levels 935 m and 964 m 
(Svartsjaern & Eitzenberger, 2017) but a significant expansion of the seismic array in 2012-2013
makes a direct comparison of the observations misguiding. 

Figure 14 Seismic events between Y21 and Y25 for 2014 (January) -2016 (October), red events 
are associated to the predicted damage extent boundary (DEB) for mining of levels 993-1020 m
using Eq. 1 and the real ore geometry. Blue lines indicate mapped undamaged infrastructure, 
red and orange lines indicate damaged infrastructure and red plane indicate current DEB at 
Y23.

3.7.Tool application 
The bi-linear nature of Eq.1 makes the relation ideal for graphing. In Figure 15 a nomogram has been 
plotted that includes indications of the transition between the different depth regions in the footwall:

The calibration region, where the DEB is deemed to have reached its final position is marked 
as short dashes between levels 400 and 800 m.
The seismic region of active fracturing, where damage is accumulating and the DEB is no yet 
mappable as displacements are inhibited by high confinement. This is marked as long dashes
between levels 800 and 1100 m.
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The predicted region that will be affected by future mining steps is marked as dot dashed lines 
where validation data is not yet available.

The seismic region is associated with the present mining as indicated in Figure 14 since the rock mass 
damage that will later control the final DEB position is currently accumulating. 

Figure 15 Nomogram for calculating the final DEB position relative to the footwall contact 
depending on ore thickness and mining level with indication of the transition between the 
calibration (short dash), seismic (long dash) and predicted (dot dashed) regions.

The expected final position of the DEB at section Y23 is shown in Figure 16 for mining of levels 1079 
m, 1252 m, 1365 m and 1500 m. The size of the mining influence zone (compare Figure 9) is 
estimated using the actual ore widths together with the nomogram in Figure 15. The path of the 
predicted DEB line is adjusted to follow the relative development of the influence zone as mining 
progresses. This results in the DEB line occasionally being estimated farther into the footwall than 
indicated by the nomogram in Figure 15, due to effects of overlying production steps combined with 
the ore dip. 
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Figure 16 Prognosis of expected final DEB position at Y23 for mining levels 1079 m, 1252 m,
1365 m and 1500 m.  Note that the prognosis relates to the final DEB position i.e. the area in 
which infrastructure damage should be expected when the rock mass has been unloaded by the 
progression of the SLC. The grey dashed semi-circle indicates the expected main seismic region 
during mining of the level which is also indicated by the horizontal black line (mining influence 
zone), red semi-circles indicated influence zones of past mining.

4. Discussion and conclusions 
The Kiirunavaara case study highlights the importance of accurately determining the primary failure 
mechanisms when describing damage evolution. At the Kiirunavaara mine significant calibration 
efforts have been made in the past to “forcibly” fit circular shear failure paths to the observed damage 
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locations (e.g. Henry & Dahnér-Lindqvist, 2000) with the drawback of only fitting current 
observations; not being able to simulate the full evolution. This paper adopted a methodology for
back-calculating the damage locations without pre-conceptions on the failure mechanism. This 
revealed a well-fitting damage progress description that would not have been considered a failure 
description in itself in standard slope analysis due to the absence of shear band formation in numerical 
analyses. The benefits of the proposed damage evolution theory are that the rock mass input fits within 
expected values from general characterisation of the rock mass (Svartsjaern & Saiang, 2017). The 
historical and current damage progression can be numerically simulated and explained without altering 
the input rock mass properties for a given area as mining progresses. 

The concentration of results into the bi-linear equation inherently causes data losses but at the same 
time significantly simplifies the application for the specified purpose. The expected values from the 
application of Eq.1 correspond well to the field damage observations in the footwall to main ore body. 
In the northern and southernmost parts of the mine the relationship (using the proposed scaling 
parameters from the main orebody) overestimates the damage extent; this is due to the 2D assumption 
while the stress field at the lateral boundaries of the orebody are significantly affected by 3D effects. 
Further work involving 3D models of the ore body lateral boundaries could be considered to add an 
additional input on form of distance to lateral ore termination to extend the applicable area of Eq. 1 or 
a similar relationship. 

The conceptual numerical models indicate a specific expected deformation pattern for each level at the 
current mining step. In part of the validation procedure of the prognosis methodology a large scale 
deformation monitoring system composed of multiple-anchor extensometers, time-domain-
reflectometry (TDR) cables and tape-extensometer lines have been installed as close to the DEB as 
possible (Svartsjaern et al., 2016-b). However, due to the large scale of the mining operation and 
production times involved, the system has yet to accumulate enough data for reliable analysis.

This paper has presented an applied methodology for developing a prognosis tool for the maximum 
extent of mining induced damage to mining infrastructure applied at the Kiirunavaara SLC mine. The 
methodology rests on damage mapping results analysed in relation with conceptual and calibrated 
numerical models with emphasis on the Kiirunavaara footwall. An empirical equation is proposed 
which accurately replicates the current damage pattern within 40 m for more than 70 % of the recorded 
observations. The anticipated future damage extent based on the proposed equation is shown to be 
well correlated with current micro-seismic event locations.

SLC as mining method is typically performed on massive, steeply-inclined ore bodies leading to the 
mine geometry for most SLC mines to be similar. The Kiirunavaara mine is one of the world’s largest, 
oldest and deepest SLC mines and the experiences from the mine could in many cases be considered 
for future mining of other similar operations. The connection between seismic rock mass damage and 
subsequent infrastructure damage during de-confinement suggests that current seismic records from 
operations which currently experience no stability issues might become important at later mining 
stages.
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