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Summary 
This feasibility study was carried out over a time period of 6 months by Luleå University of 
Technology on request by, and in co-operation with, LKAB (Luossavaara Kiirunavaara 
Aktiebolag).  

This work reviews the documentation from previous studies including: descriptions of the 
geomechanical conditions, records of damage and fallouts in the footwall, installed 
measuring equipment and associated data, modelling attempts of the Kiruna mine as well as 
scientific publications. from the Chuquicamata, Cadia Hill, Bingham Canyon, Kvannevann, 
perseverance, Stobie, Ridgeway and Palabora mines. In addition, damage mapping has 
been carried out in relation to this work and the results are published as separate documents 
titled “Kartering av huvudnivå 775, 2012, Meddelande 12-20076” and “Kartering av nivåerna 
230 – 775 m mellan Y22 – Y28, 2012, Meddelande 12-20077” respectively. 

The review suggests that the main host rock type in the footwall is a Precambrian aged 
tracho-andesite locally referred to as syenite porphyry. The syenite porphyry borders the ore 
and ore contact. The porphyry is replaced by competent granite as one moves westward 
away from the footwall on levels below 800 m. Documentation of the rock mass at a distance 
from the ore contact is limited to drift mapping. Information on dominant joint orientations is 
available for most levels in moderate detail. Dominant joint sets dipping parallel or sub 
parallel to the orebody are mapped on most levels.  

The assumed failure mode and mechanisms for the large scale footwall failure have 
changed as the mine deepened, the prognosis models have been continuously updated to fit 
observed damage.  

• 1970s – The outer fracture line was considered traceable using a linear failure 
surface dipping 50-60˚. (Kiviniemi I ,1977) 

• 1980s – The dip interval of the failure surface was narrowed to 55-60˚; this model 
was used into the early 90s. (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≈1.5MPa φ 
=30˚(Dahner-Lindkvist, 1992-a) 

• 1993 – The cohesion value was somewhat confirmed as a parameter study by 
Hustrulid (1993) indicated that c was not allowed to exceed 2MPa for the failure 
surface to reasonably fit the observed damage. (Hustrulid,1993) 

• 1996 – The local footwall stability prognoses still used a linear failure line dipping 
60˚  (Dahner-Lindkvist, 1996-c) 
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• 2000 – The estimated strength parameters for the circular shear failure were 
updated to c≈0.6MPa φ =35˚ (Henry, 2000-a)  

The failures reported in the external case studies (when applicable) tend to progress 
relatively slowly and involve complex failure modes combining structurally controlled failure 
with failure through the rock mass. Problem descriptions and corresponding solutions directly 
transferrable to the experiences at the Kiirunavaara mine cannot be found in the referenced 
literature.  

The review have shown a few specific areas in which further research needed, these areas 
are primarily related to the behaviour of the caved rock masses, determination of the true 
failure mechanisms in the footwall and the development of new prognosis models for the 
future stability.   

The study is closed by the outline for continued research envisioned as a five year PhD-
thesis project.  

Sammanfattning 
Denna förstudie utfördes under 6 månader av Luleå Tekniska Universitet på begäran av, och 
i samarbete med, LKAB (Luossavaara Kiirunavaara Aktiebolag).  

Detta arbete går igenom dokumentationen från tidigare studier och inkluderar beskrivningar 
av de geomekaniska förhållandena, dokumentation av skador och utfall i liggväggen, 
installerad mätutrustning och associerade mätdata, modelleringsförsök samt 
forskningslitteratur från gruvorna Chuquicamata, Cadia Hill, Bingham Canyon, Kvannevann, 
perseverance, Stobie, Ridgeway och Palabora. Utöver detta har skadekarteringar utförts i 
samband med studien och resultatet från dessa är publicerade i de två separata rapporter ” 
Kartering av huvudnivå 775, 2012, Meddelande 12-20076” samt ” Kartering av nivåerna 230 
– 775 m mellan Y22 – Y28, 2012, Meddelande 12-20077”.  

Dokumentationen gör gällande att den huvudsakliga bergarten i liggväggen är en 
prekambrisk andesit-trakyt lokalt namngiven Syenitporfyr. Syenitporfyren gränsar till malmen 
och malmkontakten. Porfyren övergår till höghållfast granit då man rör sig västerut från 
liggväggen på nivåer under 800m avv. Dokumentationen av bergmassan på avstånd från 
malmkontakten grundar sig på ortkartering. Information gällande huvudsprickgruppernas 
orientering finns tillgänglig för de flesta nivåer i måttlig detalj. Huvudsprickgrupper med 
parallell eller semiparallell stupning gentemot malmkroppen har karterats på de flesta nivåer.  
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De antagna brottstyperna och brottsmekanismerna gällande den storskaliga 
liggväggsuppsprickningen har förändrats allt eftersom gruvan blivit djupare, modellerna har 
uppdaterats kontinuerligt för att överensstämma med observerade skador.  

• 1970s – Den yttre spricklinjen ansågs spårbar genom en linjär brottsyta stupande 
50-60˚. (Kiviniemi I ,1977) 

• 1980s – Stupningsintervallet för brottsyta begränsades till 55-60 ˚, denna modell 
användes in till början av 90-talet. (Finn, 1981),(Dahner, 1990) 

• 1992 – Nya brottsmekanismer antogs, den linjära modellen ersattes av cirkulärt 
skjuvbrott genom bergmassan med de uppskattade värdena c≈1.5MPa, φ 
=30˚(Dahner-Lindkvist, 1992-a) 

• 1993 – Kohesionsvärdet blev någorlunda konfirmerat genom en parameterstudie av 
Hustrulid (1993) i vilken indikerades att c inte fick överstiga 2MPa för att brottsytan 
någorlunda skulle motsvara de observerade brotten. (Hustrulid,1993) 

• 1996 – Prognoser för lokal stabilitet i liggväggen använde fortfarande antagandet 
om linjära brottsytor stupande 60 ˚ (Dahner-Lindkvist, 1996-c) 

• 2000 – De uppskattade hållfasthetsparametrarna för det cirkulära skjuvbrottet 
uppdaterades till c≈0.6MPa φ =35˚ (Henry, 2000-a)  

De brott som rapporteras i de externa fallstudierna tenderar, när tillämpbart, att utvecklas 
relativt långsamt och involvera komplexa brottsmekanismer som kombinerar strukturstyrda 
brott med brott genom bergmassan. Problembeskrivningar och lösningar direkt överförbara 
till erfarenheterna i Kiirunavaara kan inte återfinnas i litteraturen.  

Förstudien har visat på ett antal specifika områden där fortsatt forskning behövs, dessa 
områden är främst relaterade till rasbergets beteende, bestämning av de faktiska 
brottsmekanismerna i liggväggen samt utvecklingen av nya prognosmodeller för den 
framtida stabiliteten.  

Studien avslutas med ramar för fortsatt forskning upplagt som ett femårigt doktorandprojekt.  
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1  Introduction 
As of the last 30 years the Kiirunavaara mine has experienced a slow but progressive 
fracturing and movement in the footwall rock mass. The footwall instability is directly related 
to the LKAB utilisation of the SLC (Sublevel caving) method. This is a cost-effective mass-
mining method allowing a high level of automation but inherently causes the host rock, 
particularly on the hangingwall side, to fail progressively and to fill the void caused by the ore 
extraction. This progressive caving is a prerequisite for optimal performance of the operation. 
A side effect of the caving manifests as lateral-inward and vertical rock mass movement. At 
Kiirunavaara this movement has been observed in form of surface cracking and related 
deformations at the footwall since the late 1980´s.  

To accurately forecast the global stability of the footwall at the Kiirunavaara mine with 
increasing mining depth is essential for the continued operation and design of the 
infrastructure located both in and on the surface adjacent to the footwall. 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/failure in the footwall could drastically 
impede the mining operations. A failure of the pump water network or skip shafts would 
hinder nearly all production activities while failure at the access drifts in closer proximity to 
the orebody could potentially block of entire sections of the mine for a considerable time.  

The progressive rock mass movement in the footwall is currently indicated by surface 
subsidence, measurements and underground failure surfaces are estimated using empirical 
relationships. Prognoses derived from these calculations are calibrated to observed damage 
where mapping data are available and used for risk assessment. 

At present, all systematic/quantitative deformation measurements are performed on the 
ground surface. Underground measuring programs were initiated during the 1990´s but were 
discontinued for various reasons. Despite the lack of monitoring programs, qualitative 
inspection of certain infrastructure is carried out on a regular basis, primarily so for the water 
pump network.  
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1.1 Objectives 

The purpose of the study is to summarise and describe the current knowledge as well as 
give recommendations on future research. The objectives are thus to: 

− Clarify the related problems and demonstrate the level of research needed on the 
footwall stability. 
 

− Define the gaps in current knowledge related to the area and suggest scope, aim 
and purpose of a long term PhD research project. 
 

− Describe the LKAB benefits of initiating such a research project. 
 

− Define the required data and resources for the successful execution of such a 
research project. 

1.2 Scope 

The scope of this study includes the full length of the Kiirunavaara orebody to a maximal ore 
extraction level of 1500 m. Only the large scale global footwall failure and subsequent 
surface deformation will be addressed. Local stability may be referenced but is outside the 
scope. Failure and related deformation on the hangingwall side is also outside the scope of 
this study.  

Seismic and hydrogeological data are referenced in the feasibility study in general terms 
only. 
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2  Layout of the Kiirunavaara mine 

The Kiirunavaara mine is a large scale iron ore sublevel caving operation, 28 Mton (million 
metric tons) p.a., at the city of Kiruna, Sweden, with the current main haulage level at level 
1045 m situated at a depth of roughly 800 m (actual depth from ground surface). The mine 
infrastructure is situated inside the footwall and aligned parallel to the length of the orebody, 
see Figure 1. In general terms the orientation of the mine is north to south bound with the 
footwall situated on the west side. Orientation and naming of objects and infrastructure is 
associated to a local 3D coordinate system with vertical z-axis originating at the pre-mining 
ground surface. The horizontal y-axis is roughly north to south oriented and follows the 
general strike of the orebody, the x-axis is oriented roughly west to east. i.e. z-coordinates 
increases with depths, y-coordinates increases southwards and x-coordinates increases 
eastwards into and beyond the hangingwall, see Figure 1.    

 

Figure 1 Principal layout of the Kiirunavaara mine 

Most of the permanent infrastructure such as crushers, skip shafts and workshops are 
located in a vertical section past the footwall designated “centrala anläggningar” (CA), the 
CA area is located between y-coordinates Y20 and Y25 at a presumably safe distance from 
the ore contact. From CA access and transportation drifts extend to the actual mining areas.  
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The infrastructure in the mining areas primarily consists of roads and ore passes designated 
by their placement along the local y-coordinate axis e.g. ore pass group 19 is located roughly 
at Y19. The ore passes are feed from overlying production areas in the orebody which are 
divided into blocks designated by their y-coordinates.  

The upper northern part of the mine is designated “the lake orebody”, excavation of this 
volume did not originate in the open pit as contrary to the rest of the mine. The orebody is 
accessed from the underground infrastructure only (LKAB, 2012).  
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3  Geology and geomechanical conditions in the footwall 

3.1 General 

The main host rock type in the footwall is Precambrian aged low quartz syenite porphyry. At 
the ore boundary the presence of 0.2-0.4 m thick zones of amphibolite and actinolite skarns 
has been documented (Lupo, 1996). The intact rock strength was referenced by Sjöberg 
(1999) as varying between 140-300 MPa. The main rock type was in one case referred to as 
tracho-andesite (Henry & Dahner-Lindkvist, 2000), which mechanical properties are likely 
close to syenite porphyry (Sjöberg, 1999). The rock mass in general was described as being 
of “trachyo-andesitic character” by Sandström, (2003) but he also stated that the rock types 
in the geological context has been denoted as syenite porphyry by LKAB. Sandström (2003) 
also specified the ore/footwall contact to include breccias consisting of actinolitic amphibole 
with a RMR of 22, this contact was specified to be more prominent in the north part of 
Kiirunavaara. The RMR of the footwall has been investigated by several authors and was 
referenced in a range of 49 to 68 by Sandström (2003).  

3.1.1 Joint data 

According to Henry & Dahner-Lindkvist (2000) there are primarily two major joint sets that 
might influence the large scale stability. One set dips 45-55˚ with dip-direction SE and is 
often infilled by a clayey-phyllitious filling, the other set dips sub parallel to the orebody i.e. 
55-60˚ with eastward dip-direction.  

Extensive core mapping was summarized and presented by Mattson et al, (2010) the 
mapping has been performed continuously throughout the life time of the mine but is not 
complete regarding the geological information. In most records only rock type and fractures 
have been recorded, not the orientation of fractures nor marking of major geological 
structures (all fractures are reported as the same). Digital data is only available at level 700 
m and downward for most of the mine, exceptions are the southern parts and the lake 
orebody where digitalized data for some higher levels is available as well. Some information 
can however be retrieved despite of these shortcomings. Mattsson et al, (2010) noted zones 
in which there was an increase of sections containing clayey infill or heavy fractured cores 
(crushed material, gravel). The crushed sections are concentrated in the area between Y14 
and Y22 levels 700 to 900, a noticeable concentration of these zones was also reported in 
the Lake orebody. The zones with clayey infill are concentrated at Y20-Y24 level 650-850, 
Y27-Y32 level 700-850 and Y38-Y40 level 600-1045, a graphical representation of the core 
analysis is shown in Figure 2 (Mattsson et al. 2010). It should be noted that even though the 
bulk of the information from  the cores are related to the ore and not the host rock the 
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indicated sections of brittle deformation zones are of interest for the stability of the local 
region as a whole. 

Additional notes by Mattson et al, (2010) were that the orientation of the regional ductile 
foliation in the rock mass runs parallel to the orebody in most cases. There were four 
registered faults in the LKAB database; two of them were found close to each other in the 
footwall at Y970,X5955 level 716 m dipping steeply and striking E-W. The other two were 
located at Y2861,X6216 level 878 and Y4278,X6586 level 993 m respectively, both had a 
denoted dip of 0˚ indicating that no measurements were available.  A composite dyke cuts 
across the orebody at several levels between Y16 and Y18, the immediate area has 
historically (geological history) faulted yet shown some signs of continued reactivity indicated 
by heavily fractured rock mass. The host rock in near proximity to the orebody is generally 
fractured with a joint spacing of 10-50 cm or less (Mattsson et al, 2010). 

 
Figure 2 Graphical representation of drill cores, adapted from Mattsson et al, (2010) 

Several ore passes have been surveyed using video camera during 1994 by Holmstedt 
(1994). The results from these surveys were analysed further in 1995 to provide a better 
background to the design of new ore passes in the same areas but at higher depths 
(Holmstedt, 1995-b). The ore passes are video surveyed about every two years. 
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3.1.2 Hydrogeology 

Hydrogeological data was referenced by Lupo (1996), the most important notes were an 
increased degree of fracturing in the northern part of the mine leading to significantly higher 
inflow of groundwater. Due to this increased transmissivity the ground water level was 1996 
higher in the south part despite the proximity of the lake Luossajärvi at the north (Lupo, 
1996). 

Approximations of the ground water table between Y20 and Y25 perfomed by SWECO (at 
the time VBB VIAK) in 2000 are shown in Figure 3 (VBB VIAK, 2000). 

 
Figure 3 Approximate ground water table between Y20 and Y25 from (VBB VIAK, 2000) 

Further more extensive water pressure studies were presented in (VBB VIAK, 1999) where it 
was stated that the ground water table was generally dropping between 1995 and 1999. 
However, the change in water table in some areas did not correspond to the change in 
excavation depth e.g. at Y1796 the water table dropped only 5 m for a 13 m change in 
excavation level (VBB VIAK, 1999).   
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3.1.3 State of stress 

Sandström (2003) studied the state of stress in the Kiirunavaara mine as a whole, some 
important related points from his comprehensive study is referenced below.  A full list of 
stress measurements can be found in (Sandström, 2003). 

• Stress measurements using over-coring have been used in more than 40 
locations in the Kiruna mine between the years 1979 and 1995. 

  
• Hydraulic fracturing has been performed in Kiruna successfully in 2000 and with 

less success in 2002. 
 
• The global stress field at the mine site has been studied by numerical analysis 

under elastic conditions, the caved material was assumed to carry no load and 
thus modelled as a void. Local/secondary stress was modelled using Examine 
2D taking into account multiple transport drifts. 

Large variability was shown in the virgin state of stress. This is caused by the presence of 
heterogeneities in the rock mass. The virgin and secondary stresses vary significantly in both 
magnitude and orientation. The highest virgin stress acts perpendicular to the orebody and 
the lowest parallel to the same. The virgin state of stress is altered as extraction moves 
downward due to a decrease of stiffness in the caved rock zone causing the secondary 
stresses to concentrate beneath the toe of the footwall (Sandström, 2003).  

3.2 Conditions by depth 

3.2.1 Conditions above level 740 m 

The footwall has historically been subdivided into 8 domains parallel to the orebody, for each 
section the major joint sets were identified – the number of joint sets ranged from 2 to 4, see 
Appendix 2. The main rock type is syenite porphyry of varying subtypes, named SP 1-5 see 
Table 2, as well as sporadic volumes of diabase (Holmstedt, 1995-a). 

A NW-SE striking chlorite structure has been encountered on level 509 between Y34 and 
Y36 (Hedin, 1992).  A chlorite/calcite structure was also mapped on 775 between Y38 and 
Y39 (Nilsson, 2012-a).  
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3.2.2 Conditions at level 795 m 

The footwall has been mapped with respect to the orientation, persistence and joint spacing 
on level 795 m. The above properties have been evaluated and the wall has thereafter been 
divided into domains of similar jointing, see Figure 4. These domains can be correlated to 
domains mapped on higher levels such as those reported by e.g. Holmstedt (1995-a) and 
were denoted by the orientation of the dominating joint sets, see table 2. 

 

Figure 4 Footwall joint set domains on level 795 m from Rådberg (1991) 

Table 1 Footwall joint set domains on level 795 m adapted from Rådberg (1991) 

Quantity Domain I Domain II Domain III Domain IV 
Set 1 2 3 1 2 3 1 2 1 2 
Strike/ 
Dip 

10/ 
55 

260/ 
70 

115/ 
65 

35/ 
60 

110/ 
75 

220/ 
80 

230/ 
75 

35/ 
60 

220/ 
75 

105/ 
70 

The two latter domains (III and IV) could not be statistically determined on this level but were 
extrapolated from the levels above. A tendency for the rock mass quality to deteriorate as 
one moves north was noted but not explicitly mapped (Rådberg, 1991). 

3.2.3 Conditions between levels 750-1050 m 

The main rock type is syenite porphyry of varying subtypes, named SP 1-5 see Table 2, as 
well as sporadic volumes of diabase. The rock mass is characterised with regard to rock 
type, C-factor, structures etc. and is classified as “good” or “bad” rock. The classification 
includes the influence from projected but not proven large scale structures (Holmstedt, 1992)  
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Table 2 Rock type denotations adapted from (Sandström, 2003) and LKAB 

Type Rock type LKAB denotation 
(in Swedish in 
parenthesis)  

Density 
(Kg/m3) 

Young’s 
modulus 
(MPa) 

Poisson’s 
ratio 

Compressive
/ tensile 
strength 
(MPa) 

SP1 
Trachy-
andesite 

Syenite porphyry 
(Syenitporfyr 
/trakyt) 

2800 70 0.20-0.27 300-(430)/10 

SP2 
Trachy-
andesite 

Syenite porphyry 
(Syenitporfyr /tät 
omvandlad 
trakyt) 

2800   400/- 

SP3 

Trachy-
andesite 
with 
amygdules 

Amygdule 
porphyry 
(Mandelstens-
porfyr) 

2800 44-60 0.14-0.24 210/11 

SP4 

Idiomorphic 
trachyte 
and 
porphyry 

Idiomorphic 
trachyte and 
porphyry 
(Idiomorf porfyr 
/trakyt) 

2800 80 - 430/12 

SP5 
Weathered 
trachy-
andesite 

Weathered 
trachy-andesite 
(Vittrad trakyt) 

2800 75 - 90/10 

GP 
Porphyry 
dyke 

Porphyry dyke 
(Gångporfyr) 

 75 - 320/- 

 

3.2.4 Conditions between levels 1100-1500 m 

Information about the rock mass quality (limited) and joint orientation / persistence was 
published in an internal LKAB report by Andersson (2009). The data was based both on in-
situ mapping and core logging; for the levels below 1400 m only core logging was available. 
Mapping was performed both for areas directly adjacent to the orebody as well as further into 
the footwall in the CA-area. This central area is primarily composed of red mean sized 
granite which has been mapped between the levels 800 m and 1470 m. This granite will 
transfer to syenite porphyry as one move closer to the orebody. The granite is in general cut 
by a large number of joint sets which differ in orientation and properties from the sets found 
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in the porphyry close to the ore. The GSI of the granite varies between 45 and 70, the areas 
of high GSI are more prone to rock burst. The mean UCS value for the granite is about 265 
MPa while the UCS for the porphyry was stated to be slightly higher than what is referenced 
in Table 2. It should however be noted that large portions of the footwall contain highly 
altered porphyries (not directly correlated to SP 4 and/or 5 – Authors note) which display 
significantly lower strength properties not apparent in the RMR and GSI values. These 
altered porphyries have an indicated UCS of 127-156 MPa. 

The syenite porphyry close to the orebody displays a higher ratio of joints than the more 
distant granite. Larger structures infilled by calcite, chlorite and pyrite are abundant close to 
the ore boundary. The GSI value of the rock mass in close proximity to the ore is in the best 
areas 55-60 but will in exceptional cases be as low as 30, noticeably poor quality areas on 
level 1252 m were found at:  

• Y2650-2740, Block 26 (production area), X~6300  
• Y3270-3700 at X6400-6540  
• Y3460-3550 at X6450-6470  
• Entire block 34 with continuation towards block 38 (production area)  

Significant water flow was noted on level 1252 m at: 

• Y3660-3690, X6520-6540 
• Y3460-3550, X6450-6470  
• Y3620-3700, X6480-6490.  

Zones of weak / altered rock were mapped along the length of road 32, inside the zones the 
dominant structures strike NE and dips 50-70˚ NW, SE dipping joints were not uncommon. 
The 3D extensions of these zones were not clear at the date of the last related publication, 
2009, (Andersson, 2009).  

There were noticeable differences between the joint mapping performed in the drifts and the 
sets derived from core logging on the underlying levels, the downward orientated cores also 
displayed deviations in respect to each other indicating a highly heterogeneous environment. 
However, all material for these depths indicated NE and NW striking joint sets dipping 30-70˚ 
NW and SW respectively for the CA area and WNW/SW striking sets closer to the ore 
(Andersson, 2009).  
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4  Historical records from the Kiirunavaara mine 

The large scale footwall stability has been documented for a considerable time and the most 
relevant data is briefly presented in Table 3 to Table 7, the documentation is arranged in 
observations and prognoses respectively.  

The records have been organised according to the affected scale of the events, reports 
related to large sections of the footwall are referenced under “footwall failure”, reports 
regarding specific infrastructure is referenced under the appropriate heading e.g. “pump 
network“ or “ramps”.   

A more comprehensive summary including references can be found in Appendix 3. 
Additional, but less directly relevant, data exists and can be found in the literature referenced 
in section 9.2.  

4.1  Large scale footwall failure 

In Table 3 general stability notes related to significant volumes are briefly summarised, a 
more comprehensive list including references for each statement can be found in A3.1.  

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  
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Table 3 Large scale stability of the footwall (for details refer to A3.1)  

Historical records including memos, reports, investigations and protocols 

Previous to and including 1977 

Observations Prognoses Comments 

The outer fracture line was 
considered traceable using a straight 
failure line dipping 55˚ or 50-60˚.  

The failure was predicted 
using the straight line 
described in observations. 

The range of the dip 
was dependent on 
the author of the 
specific reports. 

1981 

Observations Prognoses Comments 

The dip of the failure line was 
estimated as 55-60. 

Failure was predicted on 
level 509 m north of Y20 in 
1985. 

 

1983 

Observations Prognoses Comments 

Deformations were noted on level 
467 m at Y4711-Y4730. The primary 
reason for this disturbance was 
believed to be remaining ore pillars in 
the sublevel caving area on level 445 
m.  

The disturbance was predicted to 
propagate downward. 

Y22-Y24 on level 509 m 
was predicted to be located 
within the failure zone after 
extraction of level 526 m 
planned to the year 1985. 

The negative 
influence from 
remaining rock 
pillars in the ore 
zone was 
disregarded by Lupo 
(1996). 
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Table 3 continued   

1984 

Observations Prognoses Comments 

Local fall-outs were mapped and 
recorded on mine maps for levels 
502 m and 509 m. 

Y38-Y41 on level 509 m 
was predicted to remain 
stable for the foreseeable 
future. 

 

1985 

Observations Prognoses Comments 

Fallouts were recorded on levels 509 
m and 540 m. The then current 
failure line prognosis of 55-60˚ for 
level 540 m did not fit the observed 
damage, the failure zone was present 
further into the footwall than 
expected. 

Y2270-Y23 on level 540 m 
was predicted to be located 
in the failure zone after 
extraction of level 562 m, 
the same for Y3950-Y4050 
on level 509 m when 
extracting level 526 m. 

 

1986 

Observations Prognoses Comments 

On level 420 m, significant fracturing 
was observed in shaft 2360 located 
50m into the footwall, fall-outs were 
confirmed 40 m in. This area was 
characterized by a lower angle of 
failure above level 540 m than the 
rest of the mine.  

The behaviour at Y23-Y24 
was predicted to continue 
downward with the mining 
depth, shaft 2360 had at 
this time a predicted life 
span of 10 more years. 
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Table 3 continued   

1987 

Observations Prognoses Comments 

The accelerated fracturing noted on 
Y20-24 at the overlying levels did not 
seem to propagate down to level 540 
m.  

The area around the media 
drift on level 540 m was 
assesed as stable for one 
more year. 

 

1989 

Observations Prognoses Comments 

Deep-seated failures were reported 
on levels 275,320 and 370 m. The 
failure surface was located more than 
50 m from the ore contact. The 
current extraction depth was 610 m. 

Not documented. 

 

 

1990 

Observations Prognoses Comments 

Level 230 m –global fracturing was 
interpreted between Y1960 and 
Y2190. 

Level 509 m - Y24-Y32 the footwall 
failure was moving westward. The 
global footwall failure was observed 
approximately 20 m from road 25 at 
Y2125-2190. 

The linear failure line of 60˚ 
was still in general use for 
prognosis purposes. 
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Table 3 continued   

1992 

Observations Prognoses Comments 

An update of the fracture line on the 
footwall side was to be performed 
every two years. 

Dahner-lindkvist C 
presented a thesis work 
related to the failure line of 
the footwall, a circular 
failure surface was 
adopted.  

The work related to 
the PhD thesis of 
Lupo J was planned, 
Y20-Y30 was 
suggested to be the 
area of focus. 

1993 

Observations Prognoses Comments 

The incoming ventilation shafts on 
level 275 m at Y21-Y22 now became 
influenced by the footwall instability. 
So was the out-going ventilation on 
Y20-Y23 level 320 m. 

Correspondence related to 
shaft planning indicated 
that for an assumed 
circular failure mechanism 
the internal cohesion of the 
rock mass should not be 
“given” values exceeding 2 
MPa.   
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Table 3 continued   

1996 

Observations Prognoses Comments 

Not documented. A stress focused stability 
prognosis was presented 
due to the transfer to a new 
main level in the mine 
(transferring from level 775 
to 1045 m). Analysis 
showed fair correlation 
between the calculated 
stress field and measured 
values. 

Lupo J. published 
his doctoral thesis 
on the subject of 
ground deformation 
due to mining of 
inclined ore bodies. 

1999 

Observations Prognoses Comments 

Mapping of current failures in the 
footwall has been performed and was 
referenced in Sjöberg (1999). but 
corresponding internal LKAB 
documents of this mapping has not 
been located, only personal 
communication was referenced by 
Sjöberg (1999).  

Sjöberg J published his 
doctoral thesis on the 
subject of large scale rock 
slopes, the Kiirunavaara 
mine was examined as one 
of several cases studies, 
circular shear failure 
through rock mass was 
indicated. 

 

 

 

 

 



 

 

 

 

Attachment: 

3 
 Date: 

10/25/2012 
 Our reference: 

12-821E 
 25 (137) 

Security classification: 

Internal 
      

Our office │ Officer │ Dep/Section 
Kiruna │ Karola Mäkitaavola │ TFG 
D   +46 98072 504 
E   karola.makitaavola@lkab.com 

 

  

Luossavaara-  
Kiirunavaara AB (publ) 
SE-981 86 Kiruna 
Sweden 

 

T +46 771 760 000 
F +46 771 760 002 

 

Registered location:  
Luleå 

 

Corporate Identity No: 
556001-5835 

 

www.lkab.com 
 

 

Table 3 continued 

2000 

Observations Prognoses Comments 

The outer fracture line was 
approximated using a circular failure 
surface.  

The actual deep seated failure 
reported in 1989 now extended from 
Y14 to Y26 and was to the west 
limited by a set of major structures 
dipping steeply from the surface to 
level 230 m and roughly parallel to 
the orebody (50-60˚) from level 230 
m to 540 m. 

The footwall was 
considered stable at Y30.  

The infrastructure was to 
be influenced by the risk 
area after extraction of 
level 820 m about the year 
2002. 

The accessible parts 
of the old levels in 
the footwall 
are/would be 
mapped every year  
and kept on 
electronik record to 
track the outer 
failure line.  

2001 

Observations Prognoses Comments 

During 1999 and 2000 a large portion 
of the infrastructure in the mine was 
mapped by Henry et al, (2001-a) with 
respect to damage and the possible 
correlation to large scale structures in 
the footwall above level 740 m.  

It was concluded by Henry et al, 
(2001-a)  that “following more than a 
decade of observations one could 
conclude that the instability 
presented a danger to the 
infrastructure and that the 
phenomenon could not be prevented” 

The circular surface 
analysis was maintained as 
the primary tool for large 
scale stability prognosis in 
lack of a better fitting 
method.  

 

The stated need for 
further research was 
primarily related to 
the behaviour and 
influence from the 
caved material but 
also to determine 
plausible failure 
mechanisms. 
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Table 3 concluded 

2004 

Observations Prognoses Comments 

Damage mapping has been 
performed between Y19-Y28 levels 
230-775 m, it was found that the 
damage above level 540 m primarily 
constituted movements along existing 
structures whereas beneath level 740 
m failure through intact rock could be 
observed. 

Future movements in the 
upper part of the footwall 
rock mass were predicted 
to be slowly progressing. 
The consequences will 
thus be less than severe as 
ample time will be avaiable 
for remedieal actions. 

The prognosis made 
was based on 4 
years of 
measurements on 
movements in large 
scale structures 
above level 740 m.   

2007 

Observations Prognoses Comments 

The old haulage level 775 m was 
extensively mapped and the results 
are presented in a technical report by 
Perman (2007). 

Not documented.  

2012 

Observations Prognoses Comments 

Mapping campaigns corresponding to 
those of 2004 and 2007 were 
performed within this work and the 
results were presented in separate 
reports by the author. 

Not documented. The 2012 mappings 
by the author are 
presented in Nilsson 
(2012-a, 2012-b). 
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4.2 Pump network 

In Table 4 stability notes directly transferrable to the pump network are briefly summarised, a 
more comprehensive list including references for each statement can be found in A3.2.  

The pump network consists of shafts and pump rooms denoted as KP(z-coordinate/10), 
each KP is fed by the KP on the next level down forming a chain of transportation. Thus, all 
KPs and shafts are essential for the water allocation as any break in the chain will cut the 
transportation route. The KPs have been individually monitored during their lifespan with 
regard to the global footwall failure zone.  

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  

Table 4 Rock mass stability around the pump network (for details refer to A3.2) 

Historical records including memos, reports, investigations and protocols 

1981 

Observations Prognoses Comments 

The pipe-shaft between KP51 and 
KP41 on level 420 m was abandoned 
due to expected failure. 

Not documented. 

 

An action plan for 
the event of failure of 
KP21 was 
requested. 

1983 

Observations Prognoses Comments 

Observed fracture development 
around and in KP21 was deemed not 
related to the global instability of the 
footwall but rather to activation of 
local structures. 

KP55 was considered to be 
safe from influence by the 
outer fracture line in the 
future as long as the failure 
line exceeds 55˚.  
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Table 4 continued   

1985 

Observations Prognoses Comments 

Not documented. The risk for further fracture 
development in KP21 was 
deemed unlikely. KP55 
was predicted to possibly 
start failing during 
1989/1990. 

 

1989 

Observations Prognoses Comments 

Large fall-outs were recorded in road 
17 next to KP55, the location of the 
fall-outs could be correlated to a line 
running parallel to the orebody – this 
line was considered the outer fracture 
line. 

KP55 was expected to 
begin failing sometime 
1991/1992. 

 

1992 

Observations Prognoses Comments 

A new basin adjacent to KP54 was 
planned on level 520 m next to road 
22.  

The “shortcut” between KP52 and 
road 17 had completely failed. 

Not documented.  
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Table 4 continued 

1996 

Observations Prognoses Comments 

Fall-out from pillar at KP54 occurred. 

Shaft 2280 on level 795 m housing 
pipelines to KP82 showed signs of 
fracturing. 

Not documented. The extraction of 
level 740 m was 
believed to be the 
major contributor to 
the damage. 

2000 

Observations Prognoses Comments 

In shaft 2360 on levels 740-775 m 
connected to KP82 a large scale 
footwall failure could be observed – 
the upper part of the shaft was 
predicted to start caving in 2005.Field 
mapping at Y2290 indicated that the 
outer failure line did not correspond 
to the more conservative prognosis 
for  the excavation of level 792 m. 

KP82 was expected to 
enter the failure zone in 
2005, KP27 in 2006-2007. 

KP82 and KP27 should be 
replaced by 2006, KP54 
will be critically influenced 
by the large scale failure in 
2012. 

It was speculated 
that the deviation at 
Y2290 was caused 
by the uneven 
vertical excavation 
front throughout the 
mine. 

2001 

Observations Prognoses Comments 

KP82 showed signs of initiating 
failure, cracking, fractures were 
forming in the pillar inside KP82, no 
shearing was indicated by shear 
cables, movement recorders (rulers) 
were installed along major joints, the 
deformations were believed to be 
caused by the mining.  

Not documented. 3 months later the 
recorders showed no 
additional 
movements, there 
were however some 
progressive 
cracking. 
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Table 4 continued   

2002 

Observations Prognoses Comments 

Many of the problems in the area 
near KP82 were not related to the 
global instability of the footwall but to 
poor local rock mass conditions. 

From this point on no 
significant deformations at 
KP82 were expected since 
no mineable ore remained 
in the direct vicinity. 

 

2003 

Observations Prognoses Comments 

A failure was observed in the pillar 
between the basins at KP82, in 
addition some small crack initiation 
could be seen in the basins and the 
pillar in the KP itself. 

Not documented.  

2004 

Observations Prognoses Comments 

KP82 had at this time suffered 
significant deformations, especially 
so the water tunnel connected to 
KP82 located very close to the ore 
contact on level 792 m.  

The failure due to influence 
from the outer fracture 
zone was deemed to be 
slow and there will thus 
often be ample time for 
remedial actions after 
initiation has been 
indicated.  

A recommendation 
was made to replace 
KP82 in the near 
future.   
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Table 4 concluded   

2007 

Observations Prognoses Comments 

The outer fracture line could be found 
about 45 m from the water pipe at 
KP27 and 190 m from KP54. 

4-5 years of further 
undisturbed use of KP27 
was predicted. 

 

2008 

Observations Prognoses Comments 

A tension crack was located at a 
distance of 40 m from the water pipe 
at KP27, on level 230  m the 
horizontal distance to the outer 
fracture line was 70 m. 

Not documented.  

2012 

Observations Prognoses Comments 

The currently active KP:s were 
132,112,90, 57 and 27. 

Not documented. 
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4.3 Ramps 

In Table 5 stability notes related to specific ramps and intersections are briefly summarised, 
a more comprehensive list including references for each statement can be found in A3.3.  

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  

Table 5 Rock mass stability at the ramps (for details refer to A3.3) 

Historical records including memos, reports, investigations and protocols 

1989 

Observations Prognoses Comments 

Fall-outs and failure were reported at 
road 17 on level 540 m – the level 
was decommissioned 6 years earlier. 

Not documented.  

1990 

Observations Prognoses Comments 

Fallouts at the entrance to road 26 at 
level 632 m were reported. 

Not documented.  
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Table 5 concluded   

1992 

Observations Prognoses Comments 

10 m long cracks could be observed 
in the roof of road 16. 

Cracking was detected in concrete 
casts at road 25 on level 650 m. The 
connection between road 25 and 
road 18 on level 540 m was deemed 
unsafe. 

Not documented. Road 16 was 
suggested to be 
repositioned 
between the surface 
and level 370 m due 
to the influence of 
the large scale 
instability.  

1993 

Observations Prognoses Comments 

The old part of road 16 and road 
25 on level 370-390 m showed large 
deformations and were closed for 
traffic, road 16 had been 
repositioned. 

Not documented.  

2003 

Observations Prognoses Comments 

A “grängesstång” (an extendable 
roof-floor convergence measuring 
pole)  was installed in road 25 on 
level 896 during 2003 due to high 
deformations in the roof. 

Not documented. After reinforcements 
the deformations 
levelled out at 
0.01mm/day.  
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4.4 Ore passes and shafts 

In Table 6 stability notes related to vertically or sub-vertically oriented infrastructure are 
briefly summarised, a more comprehensive list including references for each statement can 
be found in A3.4.  

Sub-vertical infrastructure includes both permanent infrastructure such as ventilation and 
media shaft as well as semi temporary installations such as ore passes. The localisation of 
the installations is indicated by the ore pass group number (ore passes) or name (permanent 
infrastructure) - both determined by the approximate Y-coordinate.   

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  

Table 6 Stability of the ore passes and shafts (for details refer to A3.4) 

Historical records including memos, reports, investigations and protocols 

1984 

Observations Prognoses Comments 

Ore pass group 27 – fall-outs were 
reported to the south of the group on 
level 540 m. 

Not documented.  

1985 

Observations Prognoses Comments 

Ore pass group 32 – fall-outs were 
reported on level 540 m. 

Not documented.  
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Table 6 continued   

1989 

Observations Prognoses Comments 

Ore pass group 26 – fall-outs and 
fracturing were reported on level 540 
m.  Ore pass group 27 – cave-ins 
were reported from the area on level 
540 m. Ore pass group 32 – 
Additional fall-outs are reported in the 
same area as in 1985. 

Not documented. 

 

 

The fracturing was 
probably due to 
changes in the 
stress field caused 
by the ore extraction 
and the large scale 
footwall instability. 

1990 

Observations Prognoses Comments 

Ore pass group 26 – fall-outs were 
reported in shaft 2570 and 269 on 
levels 622 m to 730 m.  

Not documented. 

 

 

1992 

Observations Prognoses Comments 

Air shaft 1700 was casted shut above 
level 540 m due to instability. 

Shaft 2360 was predicted 
to be influenced on level 
270 m as the extraction 
reaches level 740 m. 

Shaft 2360 housed 
drainage water 
pipelines between 
KP82 and KP54 as 
well as other media. 
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Table 6 continued 

1993 

Observations Prognoses Comments 

Ore pass group 22 – the wall on level 
540 m was subjected to pressure and 
had deformed inwards. Visible 
deformations were recorded adjacent 
to the ore pass.  

Ore pass group 27 – the caved-in 
area on level 540 m had increased to 
65 m in length and was located 30 m 
from the ore/host contact.  

Not documented. 

 

 

 

The first fall-outs 
occurred one year 
after the de-
commission of level 
540 m, the area 
started to cave 5 
years after 
decommission. 

1994 

Observations Prognoses Comments 

Ore pass group 22 – Larger fall-outs 
were reported on level 540 m. 

Not documented.  

1996 

Observations Prognoses Comments 

A fault zone containing calcite and 
chlorite was identified in the area 
around ore pass 23 on level 775 m.  
Ore pass group 22 – fracturing and 
fall-outs occurred on level 775 m due 
to extraction on level 713 m. 
Ore-pass group 26 – The area on 
level 755 m contained a fault zone 
similar to that at ore-pass 23. 

Stability prognoses were 
made for the individual ore-
pass groups on level 775 
m for various extraction 
levels. 
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Table 6 continued   

1997 

Observations Prognoses Comments 

Ore pass group 19 – a poor quality 
area in the roof was fracturing on 
level 775 m the fracturing later 
spread to outside the exit on the 
same level. Ore pass group 20 – the 
previously reported fracturing 
continued.  

Large problems were reported on 
level 775 m.  

Ore pass group 23 - Fall-outs 
occurred at the entrance on level 775 
m. 

Ore pass group 26 - The loading 
stope across to the entrance on 775 
m was subjected to significant 
deformations. 

Not documented.  

1998 

Observations Prognoses Comments 

Ore pass group 19, level 775 m – the 
parallel track was subjected to 
accelerated deterioration due to the 
extraction on level 740 m.  

Ore pass group 23 – fall-outs were 
reported in shaft 2320 level 775 m. 

Not documented. 
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Table 6 concluded   

2002 

Observations Prognoses Comments 

Fallouts in skip shafts B11-14 
occurred, the main reason was bad 
adhesion between shotcrete and rock 
face, the exception was B12 where 
the damage was related to high 
stresses. 

Not documented.  

4.5 Additional infrastructure and Facilities 

In Table 7 general stability notes related to infrastructure in general are briefly summarised, 
a more comprehensive list including references for each statement can be found in A3.5. 

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  

Table 7 Rock mass stability around general infrastructure (for details refer to A3.5) 

Historical records including memos, reports, investigations and protocols 

2001 

Observations Prognoses Comments 

A rock mechanic statement was 
published in 2001 regarding the 
current and future state of the Kimit 
facility, some influence from the 
extraction was noted during 2001. 

Using the circular failure 
surface the facility was 
predicted to be affected by 
the large scale failure zone 
when the extraction depth 
reaches 1000 m. 
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5  LKAB Measurements  

5.1  Underground deformations  

A brief summary in a table of installed measuring equipment is included in appendix 1. Some 
data sets of special interest are presented directly within this chapter.  

TDR or Time Domain Reflectometry has been utilized since the 1980’s to monitor the rock 
mass with satisfactory results. The TDR technique works by measuring the response of an 
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 & O'Connor, 1988). Due to the early installation many of the installation points are 
now inside the failure zone and can no longer be accessed. The high cost of installing new 
TDR cables led to LKAB replacing this system with a macro-seismic system from CANMET 
for indicating rock mass movement (Henry & Dahner-Lindkvist, 2000). This system was 
subsequently replaced by a micro-seismic system from IMS in 2003 (Stålnacke, 2012) 
further described under section 5.3.  

Installation of shear cables combined with plastic movement detectors above ground to 
monitor the movement at manskapshusen was recommended in 2000 (Henry, 2000-d). The 
shear cables were however not installed as the movement was deemed to be caused by 
seasonally governed temperature expansion in the concrete (Krekula, 2012). 

An evaluation of the total station measurements underground was presented in Henry (2000-
e); the reliability of the bulk of the measured values was shown to be questionable. 
Negligible errors were multiplied as each point was measured in reference to the previous 
point resulting in a significant cumulative error. This became more pronounced for higher 
measuring point numbers, the few reliable points indicated a movement of the rock mass 
towards the extraction area; this corresponded to the expected behaviour of elastic 
expansion due to the removal of the horizontal stress component (Henry, 2000-e). Due to 
the inability of the system to give reliable results the system fell out of use. A new micro-
seismic system was installed for further data collection on rock mass movement in the 
footwall, primarily to indicate active regions rather than to measure movements explicitly 
(Henry, 2000-a).  

Movement indicators were installed along one of the major planes in the footwall according 
to Table 8. 
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Compressive strength tests have been performed on rock cores retrieved from the footwall 
and the results are reported in e.g. (Paganus, 1992-a) and (Andersson, 2009). 

Table 8 Movement indicators adapted from (Krekula, 2004) 

Installation Location Date Total movement 2004 Movement/year 

Perpendicular to 
joint 

Y24, level 320m 2001-04-02 5,3 mm 1,8 mm 

Diagonally over 
joint 

Y25, level 509m 2001-04-02 0,6 mm 0,2 mm 

Diagonally over 
joint 

Y25, level 659m 2001-04-04, 
Uninstalled  

5,6 mm 2,4 mm 

Ruler, measures 
vertical and 
horizontal 
movements 

Y24, level 509m 2000-06-14 7 mm (combined 
movement, the largest 
contributor is vertical)  

2,1 mm 

5.2  Surface deformation  

The first visible surface deformations on the footwall were reported in 1992 when surface 
cracks were observed on the access road to the decommissioned Zenobia crusher at 
roughly Y21. In 1996 the area around the road had subsided substantially.  

Lupo (1996) presented surface subsidence maps over the footwall in 1996 for the years 
1992, 1994 and 1995. In the first map, for 1992, surface cracking was limited to the 
previously described area around the Zenobia crusher and to the end of the open pit at Y14. 
These areas were linked by inferred cracking between the points of observed deformation. 
Two years later, in 1994, the extent of the surface cracking had expanded noticeably and 
fractures were now observable continuously between the far north part and Y22, plausibly 
even beyond this point. The area south of Y22 was covered by waste rock deposits but Lupo 
inferred continued crack extension underneath these deposits from “stair-stepped” surface 
features in the waste rock aligned with the fracture lines. The 1995 map showed no 
significant changes in the extent of the deformed zone other than that the fracture line 
seemed to have moved approximately 5 m westward into the footwall indicating progressive 
large scale footwall failure. The low number of surface survey points at this time limited the 
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possibilities to exactly determine the extent of the influenced zone on the footwall side. 
Deformation prognoses were presented for both the footwall and hangingwall (Lupo, 1996). 

Surface deformation data for the years 2010 (yearly) and 2009 (cumulative) was presented 
by Mäkitaavola (2010-a, 2010-b). GPS measurement on a number of well-defined points 
grouped in measurement lines, see Figure 5, were analysed and discussed briefly. The 
major conclusions were that the footwall suffers smooth deformations with regard to 
magnitude, e.g. “P4” see Figure 5 and Figure 6, and that some of the measuring points 
should be replaced due to damage and influence from external forces such as vehicle hits 
(Mäkitaavola, 2010-a). Some points showed noticeably accelerated movements from 2009 to 
2010, e.g. “Z12” see Figure 5 and Figure 7, the acceleration corresponded well to predictions 
based on the fracturing of the crown-pillar in in the Lake orebody area. (Mäkitaavola, 2010-
b). 

 

Figure 5 Footwall surface GPS measuring points, blue arrow indicates measuring 
point “P4” and red arrow “Z12”  
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Figure 6 Movement of measuring point “P4” between 2005 and 2010 from Mäkitaavola 
(2010-a) 

 

Figure 7 Movement of measuring point “Z12” between 2008 and 2010 from 
Mäkitaavola (2010-a) 
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5.3  Seismicity   

The macro seismic system (recording large scale events) from CAMNET installed in 2000 
referenced under 5.1 recorded 235 events during the first 18 months of use, all activity was 
centred far from /under the production areas but close to the infrastructure below level 698 
(Sandström, 2003).  

The in 2003 installed, and currently used, micro-seismic system (recording local events) from 
IMS constituted 127 working geophones 2011-12-31, se Figure 8 and Figure 9. The number 
of geophones at the current date is around 137 with a planned number of 221 at the end of 
2012 (Boskovic, 2012).   

 

Figure 8 Profile of the geophone placement in 2011-12-31 looking south 
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Figure 9 Top view of the geophone placement in 2011-12-31 with level 775 m as well 
as the ore body at level 1045 m as background 

Most recorded failures due to seismicity occur in the footwall on levels deeper than the 
extraction level (Malmgren et al, 2008). 
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Figure 10 3D view over separate seismic events between 2008 and 2009 from 
(Mattsson et al, 2010) 

The seismic activity is concentrated around three distinct areas; in the Lake orebody 
between Y12 and Y14 on levels 700-1045, in the footwall as shown in Figure 10, and in the 
crown-pillar between level 400 and 600 primarily at Y8-Y10 (Mattsson et al, 2010).  
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6  Literature review 

6.1 Failure modes 

The first Kiirunavaara footwall failure prognoses were based on the assumption of linear 
failure surfaces through the rock mass, this was also modelled as plane shear failure by 
Lupo (1996). These failure assumptions are still in some use in relation to the surface 
deformation predictions at Kiruna. 

A circular failure surface has been assumed for the global footwall stability estimation at 
Kiirunavaara since 1992 (Hedin, 1992) where rock mass properties are back calculated from 
fitted curves based on observed damage (Dahner-Lindkvist, 1992-a). The input parameters 
have since then changed but circular failure is the currently presumed failure mode. 

Complex wedge failure is indicated to be a primary failure mode in the northern part of the 
Kiirunavaara mine by Henry, (2001-a).   

The general behaviour of the footwall is similar to the behaviour expected for large scale 
rock slopes (Lupo, 1997), the resemblance of the footwall to the geometry of an open pit 
slope is also noted by Sjöberg (1999). This similarity validates a brief review of typical free 
surface slope problems. 

This section presents the most common failure modes in large scale slopes, each mode is 
briefly described as to typical occurrence and behaviour. The presentation of the failure 
modes aims to serve as a definition of the involved mechanisms as they are referred to in 
the report. A comprehensive technical report on the subject of large scale slope stability was 
written by Sjöberg (1996). The report constitutes an extensive literature review of which 
selected parts were used as the basis for this section.  

6.1.1 Plane failure 

Plane shear failure combined with a surface tension crack was the failure mechanism 
assumed by Lupo (1996) to have the highest influence on the large scale stability of the 
Kiirunavaara footwall. Plane shear failure, or plane failure, requires pre-existing continuous 
discontinuities or weakness planes with shallower dip angles than the slope. The 
discontinuities must daylight above the slope toe and either cut the surface behind the crest 
or intersect with a surface tension crack to form a block. The stability of this block is 
dependent on the ratio between resisting forces primary constituted by the shear strength of 
the discontinuity and driving forces constituted by block weight and water pressures.  
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6.1.2 Step path failure 

Closely related to plane failure is step path failure where the sliding 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 angels as well as 
through failure of intact rock separating individual joints of the same set, see Figure 11. 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. 

 
Figure 11 Step path failure from Sjöberg, (1996) 

6.1.3 Wedge failure 

Both plane and step path failure relates to failure affecting an area of considerable “width” in 
the direction parallel to the slope strike caused by joint sets striking along the wall. If the 
failure plane is cut by sets day-lighting at the slope face at an angle this might limit the lateral 
extent of the affected volume, the failure must then be treated as a 3D problem as a wedge 
is formed. The wedge can be formed from two intersecting discontinuity planes ,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 (Sjöberg, 1996). For simple wedge 
failure a preliminary stability estimation can be made using design charts by Hoek & Brown, 
however, as with many chart based analyses this method requires several significant 
simplifications such as disregarding the influence of cohesion, water and normal stress on 
the planes (weight of block). Simple wedge failures can also be analysed by limit equilibrium 
software such as SWEDGE. 

 

Failure Surface 

Step Path Failure 
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6.1.4 Circular shear failure 

As the difference in scale between the slope and joint lengths increases the stepping path of 
the failure surface will tend to approach a more circular rather than linear path through the 
rock mass. As this behaviour becomes more pronounced, the failure mode transfers into 
rotational shear failure or circular shear failure. This failure mode is common for soil slopes 
but has 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 structures, see Figure 12 (Sjöberg, 1996).  

 

Figure 12 Circular shear failure from Sjöberg (1996) 

6.1.5 Toppling failure 

In those cases where the major discontinuity sets dips into the slope, toppling failures should 
be considered when evaluating the stability. Deep seated toppling has been observed in a 
number of deep open cast mines showing both rotational and shear behaviour.  

There are several subtypes of toppling, see Figure 13, which in turn can be characterized as 
primary (top three) and secondary (bottom four).  

 

Slope Crest 

Rotational Shear Failure 
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Slope Toe 

Major Structure 
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Tension crack 
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Figure 13 Subtypes of toppling failure from Sjöberg (1999) 

Secondary in this context refers to the toppling being initiated by another primary failure e.g. 
rotational shear failure (slide base failure) (Sjöberg, 1999) or crushing of the slope toe due to 
stress concentration, see Figure 14. 
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Figure 14 Toe crushing induced toppling from (Sjöberg, 1996) 

The risk for block toppling can to an extent be estimated using limit equilibrium methods, 
these methods require that both the possibility of rotation and slip is considered.   

6.1.6 Slumping failure 

Under some circumstances toppling might occur due to the presence of discontinuities 
dipping parallel or near parallel to the slope face but without day-lighting near the toe (as is 
the requirement for plane failure), this is called slumping or underdip toppling, see Figure 15. 
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Figure 15 slumping failures from (Sjöberg, 1999)* 

Slumping has been observed in large scale natural slopes and are in those cases commonly 
referred to as “sackungen” and is typically developed during a longer period of time (Sjöberg, 
1999).  

Slumping failure will in some cases produce failure surfaces which can be mistaken for 
circular failure, even though these surfaces resemble that of a geotechnical circular failure 
stability cannot be evaluated by the same method. Simple equilibrium analyses might 
indicate a stable slope, however, individual blocks might still be unstable and may 
topple/rotate and thus add destabilising loads to adjacent (downhill) blocks thereby 
invalidating the primary assumptions of the equilibrium analysis where the entire “driving 
force” is compared to the shear strength of the entire failure surface. Slumping high up on a 
slope might thus “push” on downhill blocks initiating slip or buckling along discontinuities 
semi parallel to the slope face. This is a plausible failure mode especially for jointed hard 
rock masses (Kieffer, 2003). 

6.2  Caved rock masses 

The properties of the caved rock mass in Kiirunavaara and how this material interacts with 
and influences the footwall are largely unknown. Nevertheless, to be able to estimate the 
behaviour of the caved material is of paramount importance for the prediction of the footwall 
failure propagation (Henry, 2001-a), (Sjöberg, 1999), (Postek et al, 2001) especially as the 

a) Flexural slumping 

b) Block flexure slumping 

c) Block slumping 

d) Kink-band slumping 

 

*originally Kieffer (1998) 
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mining depth increases. There are few research publications on this subject, there are 
however some related subjects which can indicate general trends and behaviour of this type 
of problem. Some comparable research can be found in the field of silo research, especially 
so for silos containing granular material or rough walls (Postek et al, 2001), (Lupo, 1997).  

One should be cautious however to directly apply silo-theory on SLC-problems.  Kalenchuk 
et al, (2008) examined the local stability of the rough walls in the SLC Koala Kimberlite Pipe 
at the Ekati Diamond Mine, Canada, to evaluate dilution of the caved ore by waste rock. The 
mine was modelled using 3DEC and probabilistically determined “random” joints completely 
cutting the rock mass to emulate the RMR of the actual site. It was indicated that the part of 
the wall that contributed the most to dilution, that is suffered the most local instability, was 
significantly influenced by the jointing (Kalenchuk, 2008). The influence of this local instability 
on the local flow and thus stress distribution was not addressed.  

The work by Kalenchuk et a,l (2008) indicates that the composition of the caved rock is 
significantly influenced by not only the geometry but also the geomechanical properties of 
the walls. This in turn indicates that modelling the material flow separately from the wall 
breakage might be an oversimplification of the problem. Silo-theory should be examined as 
part of a solution and not an answer in itself.    

6.2.1 Silo theory 

Jofriet et al, (1997) created several numerical models for a variety of silo shapes where 
among other things the influence of material/wall friction was examined in relation to the 
effective normal pressure on the walls. It was found that the material/wall friction was one of 
the most important parameters controlling the normal pressure, an increase in friction would 
lower the effective pressure from the flowing material and thus reduce the force acting on the 
walls (Jofrietet al, 1997). Taberlet et al, (2008) stated that a granular material flowing on an 
uneven surface between two frictional walls will exhibit different behaviour depending on the 
flow rate and the friction on the walls (Tabarlet et al, 2008). Chen et al, (2007) showed that 
the flow pattern within a silo significantly influenced the effective normal stress during 
chimney formation, very low acting pressures were observed on the walls near a flowing 
channel while high pressures were measured on the wall just outside the chimney boundary 
(Chen et al. 2007).  Artonio et al, (2009) showed that the normal stress acting on the walls of 
a silo subjected to discharge did not increase linearly with depth but would level out nearing 
a maximum (the Janssen asymptote), this behaviour was stated to be typical of granular 
material in a silo (Artonio et al, 2009).  
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Postek et al, (2001) attempted to explicitly model the Kiruna caved rock masses by 
representing the mine as a non-uniform silo in which material was locally drawn taking into 
account both material movement and creep. The analyses were performed in 2D using the 
SILO code developed at the Luleå University of Technology in the Department of Structural 
Mechanics. The initial properties of the caved material were: density 2200 kg/m3, Young’s 
modulus 30 MPa, Poisson’s ration 0.25, friction against the walls 45, 50, 55˚, internal friction 
angle of 35˚ and zero cohesion. In a parametric study the material moduli were changed 
between relatively low values to relatively high. The footwall geometry was modelled both as 
a continuous line as well as “stepped” with step dimensions in the scale of 1‰ to 5‰. The 
stepping showed no significant change in normal pressure distribution but did alter the flow 
path, velocity and shear stress distribution during draw. In general the normal pressure 
distribution along the walls was concluded to be nonlinear and dependent on the cross 
section geometry (Postek et al, 2001). The walls were in accordance to the silo theory 
modelled as static boundary conditions and no attempt was made to use the derived normal 
pressures for stability evaluation.  

The non-linear normal stress increase was also noted and included by Sjöberg (1999) when 
modelling the Kiruna footwall in SLIDE, the normal stress applied by Sjöberg (1999) was 
calculated using basic silo theory, in addition two constant pressure distributions where 
modelled for the same set-up. Taking into account this pressure in the limit equilibrium 
analysis yielded results better fitting the observed damage but required use of lower strength 
parameters than those generally estimated for the rock mass (Sjöberg, 1999).  

6.2.2 Active earth pressure 

Lupo (1999) also attempted to model the caved rock mass in Kiruna, this time estimated as 
active earth pressure with a friction angle varying with the depth. The host / caved rock 
interface angle was assumed to be 15˚. From the active earth pressure and the host / caved 
rock interface angle a “surface traction” was estimated and used as equivalent pressure 
distributed over the free surface. Lupo 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 (Lupo, 1999). The failure 
prediction of the hangingwall appeared to be relatively successful but the predicted failures 
in the footwall did not occur (Villegas & Nordlund, 2008-a). 

The problem with surface subsidence at the hangingwall was examined numerically by 
Villegas & Nordlund (2008-b) using PHASE2. The derived break angles for the hangingwall 
were for Y15 and Y23 both converging to 64˚-65˚. In this case the caved material was 
explicitly modelled with a constant friction angle and zero cohesion. Material draw was 
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simulated by a void space being introduced and subsequently filled with material of lower 
strength (caved rock). This differed significantly from the modelling approach used by Lupo 
(1999) where the caved rock was substituted by distributed pressures. The model of Villegas 
& Nordlund (2008) indicated the formation of yielded elements on the surface for both the 
hangingwall and footwall. The distribution of these elements was significantly affected by the 
rock mass strength, at high strength the yielded elements would appear along uniformly 
spaced vertical bands. The formation of these bands has not been indicated in the field on 
the footwall, however, the model was primarily aimed at modelling the hangingwall and the 
same rock mass properties were used for both walls (Villegas & Nordlund, 2008-b).  

6.3 Local drift stability 

6.3.1 Haulage drift stability 

Zhang & Mitri (2008) performed a parametric study on the stability of haulage drifts at a 
sublevel stoping mine in Canada. The study was conducted using PHASE2 and rock mass 
properties collected at the Bousquet 2 Mine (Canada). The study indicated a lateral shift of 
the haulage drifts aligned parallel with the orebody as the same level stopes were extracted. 
This tendency was increased with shorter distances to the mining area. The base case used 
featured haulage drifts at a horizontal distance from the orebody of 50 m at a depth of 1500-
2500 m, the inclination of the orebody was 75˚ (Zhang & Mitri, 2008). The tendency of lateral 
movement after ore extraction has also been observed in the Kiruna mine by geodetic 
measurements on relatively shallow points (230 m) evaluated in Henry (2000-e).  

As an indicator of failure Zhang & Mitri (2008) used wall convergence ratio (WRC) defined as 
the ratio between the convergence and the original span of the drift. This criterion was also 
used by Musunuri et al, (2010) for the analysis of haulage drifts at the Inco´s Garson mine. 
The drifts were in this study located 15m into the footwall of a sublevel stoping operation. A 
parametric study was performed using the numerical code FLAC utilizing random variable 
input, the result indicated destabilization of the haulage drifts at same level stope extraction 
(Musunuri et al. 2010).  

6.3.2 Footwall drift stability 

Footwall drifts at the Kiirunavaara mine was modelled latest by Edelbro et al, (2012) where 
the behaviour and local failure formation were studied using PHASE2. The drifts modelled 
were locate around the 900-1000 level and the modelled damage was compared to field 
mapping for several mining stages, failure was indicated by yielded elements and excessive 
shear strain.  
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It was shown by Edelbro et al, (2012) using both the modelling results as well as field 
observations that, for this level, the direct influence from the level excavated subsided 40-50 
m out from the ore contact. Drifts located at a distance of 85 m suffered no significant 
yielding even as the excavation reached the same level, this could also be observed on-site.  

The character of typical observed fallouts is described as located “- in upper abutment 
(towards the ore contact) and opposite lower corner of the footwall drifts” (Edelbro et al. 
2012).  
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6.4  Case studies on global stability  

Large scale slope stability is an issue in most types of mass mining operations. A selection 
of mines highlighting this subject is referenced in Table 9. Additional man-made large rock 
slopes were referenced by Sjöberg (1999).  

Table 9 Summary of mine case studies 

Mine name Type Footprint 
dimensions (m) 

Depth (m) Orebody 
dimensions  
(m) 

Ore-
body 
dip (˚) 

Foot-
wall 
dip (˚) 

Case 
study 
heading 

“Un-named” 
Valencia 

Open 
pit 

 90   40 6.4.1 

Chuquicamata Open 
pit 

4500 x 2700 
(2004) 

850 (2004)   37 
(1996) 

6.4.2 

Cadia Hill Open 
Pit 

1500 490   35-55 6.4.3 

Bingham 
canyon 

Open 
pit 

4400 x 4400 1200   37 6.4.4 

Kiirunavaara   800 4000x200 60 60 6.5.1 
Kvannevann SLC  100 1200x100 65 65 6.5.2 
Perserverance SLC  800 150x80 Sub-

vertical 
 6.5.3 

Stobie mine SLC  >1000  1200x 70-75  6.5.4 
Ridgeway SLC 590 x 480 890 400x250 Vertical  6.5.5 
Ridgeway 
Deeps 

BC 590 x480 1114 400x250 Vertical  6.5.5 

Palabora Open 
pit + 
BC 

2000 x 1650 (pit) 
650 x 250 (BC) 

450 (pit) 
1200 (BC) 

1400 x 800 Vertical 
(BC) 
 

37-58 
(pit) 

6.5.6 

 

6.4.1 Slope stability in open pit mines 

The general behaviour of the footwall is similar to the behaviour expected for large scale 
rock slopes (Lupo, 1997). The resemblance of the footwall to the geometry of an open pit 
slope was also noted by Sjöberg (1999). This similarity validates a brief review of typical free 
surface slope problems. 
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Dight (2006) presented three case studies of slope failures in open pit mines and related 
these failures to 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 case).  The failure surfaces 
were complex involving several distinct failure mechanisms in combination (toppling, 
buckling etc.). In all cases the local stress seemed to have a significant influence on the 
failure formation and progression and a recommendation to adapt a stress based evaluation 
system was made. Slope angles were only stated for one of the cases (60˚) for a depth of 
120 m, the other two cases were of similar depth but no slope angles were presented (Dight, 
2006).  

Complex rock slope failure involving several distinct failure modes were reported in the 
literature also by e.g. Alejano et al, (2010) where a toppling-circular failure in an open cast 
mine in Valencia, Spain was analysed. The slope height at the site was 90 m with an angle 
of 40˚, a fault contact was mapped 20m below the crest at a rock type boundary, the 
geometry is indicated in Figure 16.  

The main rock types in the pit area were clay-stone and sandstone with UCS values in the 
range of 0.15-0.3 MPa and RMR 55-65 producing a GSI of 45-55. The rock mass properties 
were derived from both field surveys and laboratory testing. The slope failure was back 
analysed both analytically and numerically. The failure progression was deemed relatively 
slow and was most likely initiated by toppling at the crest. The numerical back analysis 
utilized UDEC with fair results in replicating the failure (Alejano et al, 2010).  Even though the 
wall failure occurred at a much smaller scale than the failure in Kiirunavaara it displays some 
interesting plausible similarities such as the slow progression and a shift in failure mode 
along the failure surface. The small scale should also be considered in relation to the 
difference in rock mass strength.  
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Figure 16 Geometry of the Valencia post failure slope 

6.4.2 Chuquicamata Open Pit, Antofagasta Region, Chile 

Board et al, (1996) describes the progressive failure of the then 650 m deep Chuquicamata 
open pit mine in Chile. Study of the western mine slope was emphasized as this was the 
flattest and largest section. Extensive joint mapping records were available for the site as 
well as long term deformation measurements which were used for calibration of 2D 
numerical models. Modelling of the slope was performed using both continuum (FLAC) and 
discontinuum (UDEC) codes, both stated to yield fair results related to the measurements. 
Two major joint sets were argued to significantly influence the stability of the slope; one with 
a dip-direction of 70˚ west and the other 35˚ east (Board et al, 1996). The overall slope angle 
was around 37˚ for the west wall (Sjöberg, 1999). 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 constituting the entire wall side which seemed to be partially stabilized by a 
progressive ductile failure in the pit floor referred to in the paper as “zona plastica”, see 
Figure 17. The localization of the failure surface was indicated by shearing of a number of 
inclinometer bore holes at a consistent vertical depth of 90-100 m further indicating an active 
wedge formed by toppling and slumping. 
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Figure 17 Concept of behaviour for the western slope, from Board et al (1996) 

The measurement data shows that the failure was progressive and accelerated during pit 
expansion (push back) but would otherwise progress at a slow steady pace producing floor 
heave at the pit bottom. The numerical modelling showed the strength of the zona plastica to 
be the single most important parameter controlling the magnitude of failure. As the strength 
of this zone was increased the initial toppling at the crest of the slope was inhibited and the 
wedge would not form (Board et al, 1996). 

The Chuquicamata open pit is planned to reach the final or ultimate pit depth in 2013 at an 
estimated 1100 m (current depth was 850 m width 4.5 x 2.7 km in 2004) where after the 
mining method will change into panel caving. The expected angles of break related to 
subsidence are 60˚ and 50˚ for the east (hangingwall) and west (footwall) walls respectively 
(Arancibia & Flores, 2004).  
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6.4.3 Cadia Hill, New south Wales, Australia 

The Cadia Hill open pit is owned and operated by Newcrest Mining Limited. The mine is 
located outside Orange, NSW Australia in close proximity to the Ridgeway operation, see 
Figure 18 

 

Figure 18 Ridgeway and Cadia Hill operations (adapted from www.google.com) 

The pit dimensions are 1.5 km across with slope heights of up to 490 m, the slope angles 
range from 35˚ for the top 100 m to 55˚ for the bottom 135 m of the cut back. 

In September 2006 a roughly 110 m high and 60 m wide slope failure occurred in the centre 
of the south wall following roughly 5 mm of precipitation in combination with a trim shot. A 
shear structure with a trace length in excess of 30 m running sub-parallel to the slope face 
formed a sliding plane for the failure. The rock type in the failed zone was a monazite of 
moderate-to-high RQD and relatively high intact rock strength (UCS 120MPa). It was 
concluded that the failure was a combination of structurally controlled failure and failure 

 

Ridgeway operation 

Cadia Hill operation 
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through intact rock mass.  A smaller bench scale failure occurred beneath the main failure in 
March 2007, also this time following rainfall.  

Rock mass movements have been tracked using prisms and radar since 2006 and 
accelerated displacements were recorded in May-June 2006 as well as during rainfall and 
blasting in general (Sainsbury et al, 2007). 

6.4.4 Bingham Canyon, Utah, USA 

Bingham Canyon, or the Kennecott Copper Mine, is located about 40 km west of Salt Lake 
City and is owned and operated by RioTinto - Kennecott Utah Copper (Carter & Russel, 
2000). It is currently the world’s largest open pit mine spanning 4.4 km in diameter and 
featuring a depth of 1200 m (RioTinto, 2009), the slope angle in the top 180 m is 50˚ while 
the overall angle is 37˚, an aerial photograph of the mine is presented in Figure 19.  

 
Figure 19 Bingham Canyon open pit 

As the mine closes in on the ultimate pit depth (expected to be reached in 2015) 
preparations have begun to transition into block caving. The orebody consists of a 
chalcopyrite while the main host rock comprises monzonite with various intrusions such as 
smaller portions of quartzite and limestone (Sjöberg, 1999).  The main host rock has a RMR 
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between 45 and 54 (Carter & Russel, 2000) the intact rock strength varies significantly (1-
140 MPa) and the rock mass is generally heavily fractured with the presence of fault 
structures (Sjöberg, 1999).     

The mine has suffered several larger slope failures during production, one of the larger 
occurring in 1967 at the north-west corner of the mine (designated Main Hill). The failure 
involved about 2 Mt and occurred in a portion of the pit with an average slope angle of 29˚, 
this failure was later followed by another two slides in the same area in 1968 and 1974 
respectively. All three failures were believed to involve both circular shear failure through the 
rock mass as well as plane shear failure in the upper portions of the slope (Sjöberg, 1999).    

6.5 Case studies on underground mines  

6.5.1 Kiirunavaara, Kiruna, Sweden, SLC 

Singh et al, (1993) published a paper on the progressive failure of the hanging and footwall 
at Kiirunavaara as well as the Rajpura Dariba SLC mine, Rajasthan – India. The conditions 
for the two mines were fairly similar with steeply inclined massive ore bodies surrounded by 
relatively competent rock. Failures in the footwall were indicated for the Kiirunavaara mine 
for mining depths exceeding 500 m for all modelled cases, the primary failure mode was 
tensile failure and the formation of tensile cracks at the ground level. The failure of the 
footwall was not critical and did not lead to large scale instability as was indicated in the 
hangingwall, however, in the near vicinity (at a distance of 50-100 m) of the excavated area 
significant deformations were predicted on the footwall as the mining depth exceeded 500 m. 
The analyses were performed using FLAC, the caved material was assumed to be unable to 
carry stresses and the masses were therefor modelled as void, the wall rock mass properties 
were based on back calculation, both walls were given the same properties (Singh et al, 
1993). The mechanisms simulated by Sigh et al, (1993) were questioned by, among others, 
Sjöberg (1999) and Lupo (1996) as the damage was not well correlated to the observed 
shear failure surface. It may also be noted that the predicted significantly influenced zones 
on the surface adjacent to the footwall has of yet not developed in such an extent as 
indicated by Sigh et al, (1993). 

Lupo (1996) focused on the Kiirunavaara mine and studied the surface deformations on both 
the hangingwall and the footwall. The assumed failure mode of the footwall was 
plane/structurally controlled failure in combination with a surface tension crack. In line with 
this failure assumption the surface deformations and, in correlation, the outer fracture line 
was predicted to follow the inclination of the ore/host rock contact and not to propagate 
significantly westward as the mining depth increased. A sensitivity analysis conducted on the 
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input data used for the analyses showed that the results significantly depended on the 
ground water assumption and the caved masses (Lupo, 1996). 

The large scale footwall stability was also modelled by Sitharam et al, (2002) using roughly 
the same input as Lupo (1996) but with a calibration of the rock mass to include the strength 
reduction due to jointing. The reduction parameter was a part of an equivalent continuum 
model developed by Sitharam et al, (2002) in which joint spacing, UCS and joint orientation 
were considered. The influence of the caved material was not modelled instead the footwall 
was assumed as a free faced slope. According to Sitharam et al, (2002) the results from the 
model showed the development of shear bands that corresponded “fairly well” to the failures 
reported by Sjöberg (1999) (Sitharam & Madhavi Latha, 2002). This case study was a part of 
a larger proof of concept of the developed equivalent continuum model.  

In Sjöberg (1999) the Kiirunavaara mine was examined as one of several cases studies. The 
2D continuum numerical code FLAC was used to model the footwall both elastically and 
plastically. The footwall was modelled both for the case of free-faced slopes as well as 
supported by caved rock material. Rock mass strength parameters were estimated using 
both test results from intact samples as well as analytical relationships. Using these 
parameters as input to the numerical code did not generate failures with good 
correspondence to the observed damage, instead lower values had to be used as a 
calibration of the model. The reasons for this discrepancy was believed to derive from the 
modelling of the caved rock in the extraction zone, many parameters of this material were 
extremely difficult to determine. There was also noted an inherent limitation in the used FDM 
code which exhibited an inability to model the ore extraction as actual removal and flow of 
material. As a complement limit equilibrium analyses were performed using the program 
SLIDE where the caved rock was substituted by estimated pressures. It was shown that the 
effective direction of the applied pressure had a significant influence on the development of 
the failure surface. The limit equilibrium analysis would in some cases produce failure 
surfaces better corresponding to the observed damage than the surfaces from FLAC, both 
approaches identified circular shear failure as primary failure mode (Sjöberg, 1999).  

Villegas & Nordlund (2008-a) modelled the progressive failure in Kiirunavaara by using the 
code PFC2D, both intact rock and caved material was modelled, major structures were not 
considered and the size of the particles constituting the caved material had a radius of 1m. 
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 (Villegas & Nordlund, 2008-a).  
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6.5.2 Kvannevann, Mo i Rana, Norway, SLC 

The Rana Gruber AS owned Kvannevann mine is presently, 2012, significantly shallower 
than the Kiirunavaara mine and features important differences in the primary stress state 
(Sjöberg, 2012) but othervise shows many comparable similarities. A top view of the mine is 
shown in Figure 20.  

The mine constitutes an orebody approximately 1200 m long, 30-100 m wide and at least 
460 m deep with an average iron ore grade of 33 % which dips about 65˚ (Sand & Trinh, 
2011) or 80-85˚ according to Jonsson & Nævermo-Sand (2012).  

 

Figure 20 Top view of the Kvannevann mine, footwall dips roughly northwards, 
adapted from www.gulesider.no and Trinh & Sand (2011) 

The mines horizontal stress distribution is reversed to the state of the Kiirunavaara mine in 
that the major horizontal component acts parallel to the orebody, not perpendicular as in 
Kiirunavaara (Sjöberg, 2012). In 2011 the mine started the transition from open stoping to 
sublevel caving. As a part of this project the future footwall stability was studied by numerical 
modelling with the aim of predicting surface deformations with the potential to disturb the 
operation of the main operational road. The general layout of the mine and orebody was 
modelled numerically using the 2D FEM program Phase2 developed by Rocscience, 
Canada. The model was divided into 6 stages of mining where material was subsequently 
removed as the simulated mining progressed. Back fill due to caving of the host rock was not 
included as it was argued that the influence on the displacement of the footwall from these 
masses is negligible and a conservative prediction was desirable. The results from the 

http://www.gulesider.no/
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modelling seem to be more conservative than the observations on site would infer, especially 
for later excavation stages the model predicted significant areas to be influenced. 
Experience from the much deeper Kiirunavaara mine was referenced as it was argued that 
the Phase2 model might be overly conservative (Trinh & Sand, 2011).  

The geometrical complexity of the orebody (Trinh & Sand, 2011) and the noticeable high in 
situ stresses, 10-15 times the theoretical horizontal gravitational stress (Sand & Trinh, 2011) 
complicated the ore extraction and deformation prediction. The break angles could not be 
directly estimated from the numerical models but had to be formed from a combination of site 
observations and determination of yielded elements in the model. This method was noted as 
less accurate than the use of stress concentration or modelled displacements of which 
neither could be used due to the previously stated reasons of complexity (Trinh & Sand, 
2011).  

In a related study the extent of the caving and deformation zone on the hangingwall side was 
estimated using a similar model but incorporating the caved rock material. The models used 
were also for this task 2D and did not accurately predict subsidence and deformation at the 
edges of the mined area (Sand & Trinh, 2011). 

Presently the rock mass movements on both the hangingwall and footwall are monitored 
twice a year on the surface by totally 14 prisms divided in 3 total station prism lines 
extending perpendicular to the mine axis. Measuring is performed underground by 5 long 
term doorstoppers monitoring the stress redistribution (Jonsson & Nævermo-Sand, 2012).  

6.5.3 Perseverance, Leinster, Australia, SLC 

The Perseverance Mine in Leinster, Australia, is a roughly 800 m deep SLC nickel mine 
underlying an old open pit, see Figure 21. Surface failure was first observed in 1995. As the 
mine infrastructure is located in the hangingwall the deformations are predicted to eventually 
affect the entire currently developed site. The Perseverance orebody is relatively small 
compared to the Kiirunavaara orebody, typically 80 m wide and 150 m long continuing 
downwards with a general western sub vertical dip.  
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Figure 21 Perseverance mine (from www.google.com) 

The surface subsidence/deformation is from the year 2000 monitored using extensive GPS 
measurements and survey prisms. Before 2000 only qualitative methods, such as 
photogrammetry at specific sites, were used. The current, 2004, system is complemented by 
aerial photographs from which a Digital Terrain Model (DTM) is created. The development of 
the subterranean hangingwall failure is tracked by a number of rod and borehole 
extensometers (Tyler et al. 2004). The Perseverance mine was chosen as a test site for 
evaluation of surface deformation using Synthetic Aperture Radar Interferometry (InSAR) 
remote sensing technology based on the direct analysis of satellite data. Good correlation 
was shown to the more traditionally acquired data (prisms, GPS) but the method itself was 
proven to be vulnerable in the quantitative sense as problems with satellite baselines 
rendered most overpasses unsuitable for comparison (Jarosz, 2005).  

At the hangingwall a 2 year lag was noted between level completion and surface impact, the 
impact on the surface in the caved zone suffered negligible time lag.  No instability of the 
footwall had been indicated by the surface measurements in 2004 (Tyler et al. 2004).  
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6.5.4 Stobie mine, Sudbury, Canada, SLC 

The Stobie mine is today integrated with the Frood operation forming the Frood-Stobie 
complex, see Figure 22, the mining area is owned and operated by Vale. The Stobie 
orebody dips 70˚ -75˚. 

 

Figure 22 Frood-Stobie mining complex (from Nickson et al, 2012) 

Contrary to most mines the footwall drifts are located within the ore zone to reduce the waste 
rock handling costs. The volumes extracted for development could in this way be treated the 
same as the ore from production however, this method does require a final footwall retreat 
before a level can be completely mined. The close proximity of the various infrastructure to 
the production areas required protective pillars to be incorporated in the mine design 
(Nickson et al. 2012).  

So far there has been no footwall stability problems reported at Stobie (Thibodeau, 2012).  
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6.5.5 Ridgeway, New South Wales, Australia, SLC-BC 

The Ridgeway gold mine owned and operated by Newcrest Mining Limited is located 250 km 
west of Sydney. 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 transition at the depth of 890 m. The SLC operation started in 2002 with a 
peak production of 5.8 Mt p.a.. The block caving production commenced in December 2008 
on level 1114 m with continued SLC production during the BC ramp up with a planned rate of 
1Mt p.a. into 2013 (Lett & Capes, 2012).  

The rock mass movements are tracked by fly-overs, see Figure 18, manual underground 
mapping in active and abandoned drifts, (32) seismic sensors, drilled (open) holes, TDR and 
automated extensometers. The inspection of the abandoned levels showed that the stability 
within 130m of the cave was mainly structurally controlled. The current, 2012, surface 
subsidence extends 590 x 480m with a maximum depth of 180m (Lett & Capes, 2012). 
Surface breakthrough occurred the first time in March 2003 (Brunton, 2009) one year after 
the commission of SLC.    

6.5.6 Palabora, Limpopo, South Africa, BC 

The Palabora mine, owned and operated by Rio Tinto, is located in the Limpopo province in 
South Africa. The mine was initially an open cut operation but transitioned into block caving 
in the year 2000, the remaining open pit measures 2 km in diameter with a depth of 450 m 
(Sainsbury et al. 2008) or 800 m depth according to Woo et al, (2012) and Moss et al, (2006) 
as well as 1.65 km width and 800 m deep by Severim & Eberhardt (2012). The slope angles 
of the pit ranges from 37˚ in the upper half of the pit to 58˚ in the lower more competent part 
(Moss et al, 2006), (Woo et al,  2012). The host rock constitutes sub-vertical pipe-like 
formations of alkaline and ultramafic rock intruded into Archaean granite, the orebody is a 
vertical complex composite micaceous pyroxenite intruded by foskorite and carbonite (Woo 
et al. 2012).  

Shortly after the block cave daylighted at the open pit floor, year 2004-2005, the northern pit 
wall suffered a large slope failure, see Figure 23, (Sainsbury et al. 2008).  
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Figure 23 Palabora pit wall failure from (Sainsbury et al, 2008) 

The failed zone was primarily constituted of micaceous pyroxene, UCS 39-136 MPa, RMR 
54-70, and foskorite, UCS 26-150 MPa, RMR 56-75, (Woo et al. 2012).The elapsed time 
from the first observed pit wall displacements to fully developed failure was approximately 18 
months, this relative slow progression allowed various facilities to be relocated away from 
the affected areas before they were critically damaged (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). Moss et al, (2006) describes the formation of large surface cracks 250 m 
beyond the rim but stated the failure to extend only 50 m back from the pit rim and 300 m 
along the wall with a height of 800 m.  

The failure has been back-analysed by several researchers whom all showed local 
structures to be the most important controlling factor together with the caving advance (Woo 
et al. 2012). It is referenced by Vyazmensky et al, (2010) that Piteau Associates attempted to 
back anlyse the failure directly following the event using the limit-equilibrium package SLIDE 
but were unable to explain the mechanisms leading to the north wall failure. The failure was 
also examined by Brummer et al, (2006) whom from utilising 3DEC concluded that “-the 
instability of portions of the north wall is most likely caused by the fact that pervasive joint 
sets in the north wall form wedges that daylight into the cave region below the pit. The single 
on-site estimated joint set of 75/250 (dip / dip direction) produces a failure mode that 
matches the failure zone. A more detailed model based on the two mapped sets 80/140 and 
80/225 also matches the failed zone-” (Brummer et al. 2006). The influence on the stress 
path from observed local fault zones was explicitly modelled by Severim & Eberhardt, (2012) 
also using 3DEC. 

Calder et al, (2000) ,in a paper preceding the failure by 4 years, outlined the developing 
undercut-level and described the host-rock surrounding the mineralisation as carbonites 
dominated by subertical jointing striking 10, 310 and 50˚ togheter with two sets with dip/strike 
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20/160 and 45/350 respectively (Calder et al. 2000). Modelling performed by “-external 
consultants-” previously to the failure indicated that the slopes would remain stable above 
about half the slope height (Pretorius & Ngidi, 2008). 

The post failure surface has been tracked using InSAR in order to estimate the volume of 
wall debris entering the cave and subsequently track the cave geometry to predict surface 
subsidence using FLAC3D (Woo et al. 2012). The angle between the extents of the undercut 
level to the limit of surface cracking was in 2006 around 55˚, this low angle was not expected 
by Rio Tinto (Moss et al. 2006).  

The current footprint of the BC is roughly 250 x 650 m at a depth of 1200 m (Woo et al. 
2012). 

6.6 Case studies summary 

Two main types of problem descriptions have been briefly examined:  

1. Large scale free face slopes with a typical incline of 40˚ where occurred failures 
have been well documented and back-analysed (section 6.4). 

2. Underground mass mining with typically sub-vertically inclined ore-bodies where 
potential failures can only be tracked by surface subsidence and qualitative drift 
mapping (section 6.5).  

The Kiirunavaara mine geometry corresponds in part to both these descriptions while still 
exhibiting unique features not directly transferrable to previous experience from other mines.  

The failures reported in the case studies above (when applicable) tended to progress 
relatively slowly and involved complex failure modes combining structurally controlled failure 
with failure through the rock-mass. Problem descriptions and corresponding solutions 
directly transferrable to the experiences at the Kiirunavaara mine could not be found in the 
referenced literature. A possible conclusion would be that the Kiirunavaara footwall 
considerations are unique in nature. Alternatively, it is possible that similar questions have 
been raised in other companies but that the documentation was not published externally.  

Monitoring of surface deformations using prisms or InSAR and numerical modelling was 
regularly used to back-analyse and predict movements and failures. However, the monitoring 
and prognosis methods described were those referenced in the scientific literature, it is not 
certain that these methods directly corresponds to the prognosis methods actually used in 
production. Even though numerical models of various complexity exists for the Kiirunavaara 
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mine these have been used for the purpose of footwall subsidence prediction for academic 
discussion only, not for production related prognosis.  
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7  Discussion 

7.1  The Kiirunavaara footwall rock mass 

The main host rock type in the footwall is a Precambrian aged tracho-andesite locally 
referred to as syenite porphyry. The syenite porphyry borders the ore and ore contact and 
has historically been separated into 5 subgroups denoted SP 1-5. The porphyry is replaced 
by competent granite as one moves westward away from the footwall on levels below 800 m. 
The ore contact contains 0.2-0.4m thick zones of amphibolite and actinolite skarns. 

Information on dominant joint orientations is available for most levels in moderate detail, joint 
properties have in general not been recorded. The documented rock mass quality estimation 
was primarily based on core samples extending only partly into the footwall and is recorded 
as C-factor or in later (lower) levels sometimes as RMR or GSI. The dominant joint 
orientation has historically motivated the separation of the length of the footwall into 
domains, these domains cannot be explicitly traced between levels but show some 
similarities between main haulage levels, the continuation of previous patterns down to level 
1365 m is uncertain. Dominant joint sets dipping parallel or sub parallel to the orebody have 
been mapped in most locations.    

Some large scale structures have been mapped and categorised close to the ore contact, 
primarily on higher levels. Examples of such structures are LAH 1-3 and the “Kapten fault”. 
The influence of these structures on the large scale stability has not been extensively 
studied.  

The geohydraulic conditions are complex, a higher degree of fracturing on the shallow levels 
in the northern part of the mine results in a higher inflow of water in this part while the 
situation seems to be reversed at the depths, i.e. at level 1365 m, where higher inflow is 
noted in the south part. This indicates that the footwall can be sectioned neither parallel nor 
perpendicular to the strike in order to present a section containing homogenous water 
conditions along the entire cut. This was also stated by VBB VIAK (1999).  

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 
mineral and limited attention has been given to the host rock housing the infrastructure.  

The state of stress is highly non-uniform, the difference between virgin and secondary 
stresses is significant both regarding orientation and magnitude. Secondary stress 
concentrations have been measured at the footwall toe, the major virgin stress acts 
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perpendicular to the orebody and thus the footwall. The stress measurements conducted in 
the Kiirunavaara mine before 2003 were summarised by Sandström (2003).  

7.2 The caved rock in Kiirunavaara 

Review of the literature indicates that the roughness of the side walls influences the flow 
path of the caved material which in turn affects the lateral stress distribution. Neither the wall 
roughness nor the flow path is possible to monitor in-situ, hence, numerical modelling 
calibrated to fit observed behaviour appears to be the most viable way to examine the 
influence of the caved material.  

There are a few comprehensive modelling attempts on caved rock masses and the footwall 
failure in Kiruna published in the literature e.g. 

• 1993 – Singh et al modelled footwall failure without considering the caved masses, 
the model indicated tensile failure in combination with surface cracks, the code 
used was FLAC. The indicated failure mode was later questioned by both Lupo 
(1996) and Sjöberg (1999). 

• 1996 – Lupo presented an analytical method to address discontinuous surface 
deformations related to sublevel caving. 

• 1999 – Lupo modelled the footwall failure and included the caved masses by 
substituting the material with surface friction / active earth pressure. The modelling 
was performed in FLAC. 

• 1999 – Sjöberg modelled the footwall failure and included the masses as a low 
stiffness material in FLAC and as an evenly distributed load in SLIDE (Limit-
Equilibrium)  

• 2001 – Postek et al. modelled the rock mass explicitly using SILO-code to estimate 
the stress distribution during draw. The influence on the footwall stability was not 
modelled.  

• 2008 – Villegas & Nordlund modelled the Kiirunavaara mine caved rock masses 
using PFC2D with emphasis on the hangingwall. This model showed that the caved 
rock supported the footwall even under draw conditions. 

Indications of the material behaviour, primarily the stress distribution, might be partially 
derived by applying silo theory. There are several plausibly relevant publications in this area, 
however, most assume mono-form or evenly distributed granular materials. Several papers 
deals either with lateral stress distribution during material flow using silo theory or the 
influence on destructible walls when applying constant stresses, few studies combines 
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material flow with side wall failure, one being (Villegas & Nordlund, 2008-a) where the 
particle flow code PFC2D was utilised.  

The actual mechanical material properties of the caved material are still largely unknown but 
the need to model the material explicitly is debated. Historical modelling attempts has often 
substituted the caved material with stresses or neglected it completely. This has however 
required significant rock mass property calibration in order to produce representative failure 
behaviour.  

7.3 Kiirunavaara large scale footwall failure 

The assumed failure mode and mechanisms for the large scale footwall failure have 
changed as the mine has deepened. The models are continuously updated to fit observed 
damage; the accuracy of the prediction models might thus be questioned.  

Individual predictions have been made for specific regions and related to future extraction 
depths; there is no documentation on how well these local predictions corresponded to the 
actual outcome. In general, the prediction models have historically failed to accurately 
represent the entire length of the footwall, this is partly due to a consistent attempt to apply a 
single analytical model with a minimum of input parameters to a highly inhomogeneous 
volume. Certain areas of the mine have shown tendencies for accelerated failure, e.g. Y23-
Y24 during the 1980´s, while others has been more stable than indicated by the prognoses, 
e.g. Y30. The reasons for these discrepancies have been sparsely documented, especially 
so for areas of increased stability. The influence of the large scale structures have been 
completely neglected by the failure prognoses. Geohydrology data has not been used in the 
prognoses for various reasons even though water table data was available at least in limited 
detail. The same can be said for the numerical results by Sjöberg (1999) and Lupo (1996), 
the numerically estimated failure surfaces have not been transferred to the failure 
prognoses.  

There is a low correlation between the failure prognoses used for KUJ and the prognoses 
dealing with the surface deformation, different failure modes and surfaces are assumed and 
continuous measurements are performed only on the surface – all information on the footwall 
failure in KUJ is derived from manual damage mapping in the drifts. The attention given to 
the study of the continuous footwall failure seems to be somewhat cyclic historically peaking 
with the development of each new main haulage level.   

The actual footwall failure has in recent years been discussed as a complex failure 
combining failure along pre-existing structures in the shallow levels with failure through the 
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rock mass as the depth increases with the conceptual transition somewhere around level 
740. This discussion is based on drift mapping in KUJ and is of yet not correlated to any 
theoretical failure surface.  

7.4 Discussion on the literature 

The value and validity of the study by Sitharam et al, (2002) on the footwall in Kiirunavaara 
might be considered questionable related to the assumptions made, primarily: 

• The use of the same input parameters as Lupo (who assumed a different failure 
mechanism for the footwall). 

• The complete disregard of the influence of the caved rock. 
• The use of the projected failure surfaces from Sjöberg (1999) as observed failure 

instead of actual measurements.  

It is argued by Stacey et al, (2003) that most numerical attempts to model slope stability 
have utilized rock mass properties derived from rock mass classification, while it is more 
suitable to use fictitious input parameters calibrated from documented behaviour at the site. 
The software used has in many cases also modelled a specific failure criterion which 
dictated the failure behaviour. A modelling approach which evaluates strains rather than 
stresses and failure for indicating failing zones was evaluated and advocated. A different 
approach was advocated by Dight (2006) where the stress approach was argued to be of 
more merit for high pit slope design as elastic strains are analytically proportional to the input 
(sometimes fictitious) Young’s modulus. This proportionality was also noted by Stacey et al 
(2003) but was not regarded as a problem as they stated that this ratio does not apply to the 
extent of the strained zones. The suitability to use calibrated fictitious data in favour of rock 
mass classification data should be evaluated with consideration to the confidence level of the 
assumed failure mode.   

Due to the elastic assumptions used in the FLAC stress analysis model by Dahner-Lindkvist 
(1996-c) rock mass failure was not explicitly modelled. The analyses considered the derived 
stress field only and neither the influence of movement along large scale structures such as 
LAH 1 nor the plastic deformations were considered.   

The typical failure description given by Edelbro et al, (2012) for footwall cross-cuts influenced 
by the progressing mining should be considered during failure mapping related to the 
location of the outer failure line. Knowledge of typical near-excavation-front damage will help 
separate local damage from global fracturing. With this in mind, the reduction of rock mass 
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strength related to local damage might add to the progression of the global failure if adjacent 
locally damaged zones would intersect.   
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8  Conclusions 

The primary conclusions of this feasibility study are: 

• The rock mass movement prognoses are based on relatively simple assumptions 
and fitted rock mass properties excluding both structures and rock type boundaries. 
The rock mass properties have been re-fitted at several occasions to suite the at-
the-time observed failure path. 

• The mine is in the prognoses “approximated” by a single vertical profile to reduce 
the problem geometry to 2D. 

• Different prognosis methods are used for surface subsidence and underground 
movement. A single prognosis model should be developed incorporating both the 
large scale failure and the correlated surface deformations. 

• The influence of the caved rock on the footwall stability has been briefly studied but 
is still largely unknown. 

• The global instability of the footwall is likely related to the interaction of two or more 
failure mechanisms while the prognoses assume only circular shear failure. 

• The by LKAB experienced footwall failure appears fairly unique in nature as similar 
operations tend to constitute more steeply dipping ore-bodies or underlie major 
open pits.  

• The current methodology of prognosis is completely dependent on the footwall 
failure being continuously progressive and changes in failure mode or influence 
from major structures cannot be considered or predicted.  

• The true footwall failure mechanism/mechanisms are unknown. 

8.1 Gaps in knowledge 

A review of LKAB internal reports as well as the current literature has indicated a few specific 
areas where further research is needed in relation to better understanding the large scale 
behaviour of the Kiirunavaara footwall. Below is a list of points from the various sources 
included in this review.  

• There might be a correlation between high concentrations of infrastructure and 
decreased global wall stability (Taube, 1986). 

 
• The effect of the caved rock mass is an important factor governing the footwall 

behaviour as it supports the wall until a mining depth is reached where the 
driving forces of failure can no longer be stabilized (Lupo, 1997). 
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• Modelling of the footwall failure in the Kiruna mine is challenging with the main 
difficulty being the modelling of the caved rock. Disregarding the influence of the 
caved masses will yield exaggerated material strength parameters and more 
deep seated failures than those indicated by observation while back analysis of 
from observed damage yields material strength parameters lower than those 
estimated using e.g. Hoek & Brown failure criterion (Sjöberg, 1999).  

 
• The caved rock has a significant influence on the behaviour of the hangingwall 

and footwall but does not need to be modelled explicitly for the prediction of the 
extent of the surface caved rock zone (Lupo, 1999). 

 
• Footwall failure is an observed fact in Kiirunavaara mine. A key factor in its 

prediction is the caved rocks influence on the wall (Henry & Dahner-Lindkvist, 
2000). 

 
• The need for further research is primarily related to the behaviour and influence 

from the caved material but also to plausible footwall failure mechanisms with 
emphasis on the southern part of the mine (Henry, 2001-a).  

 
• The caved material supports the footwall even when flowing, contrary to some 

of the findings of Lupo (1996) where increased shear development during draw 
was noted (Villegas & Nordlund, 2008-a).  

Separate from the above list the combined material shows additional points of interest not 
specifically stated in any individual paper, see list below. 

• The presence of structures such as LAH1 has not been considered in any of the 
modelling or prediction attempts. The actual influence of the structures in the upper 
north part of the mine is under some debate, according to one author, Henry (2001-
a), the footwall failure at this location is mainly controlled by structures whilst other 
authors concentrate on circular shear and step path failures through the rock mass.   
 

• The orientation of the structures in the more shallow part of the mine combined with 
the movement of the upper rock mass towards the ore (rotation?) and the limited 
progression of the failure line westward might motivate consideration of slumping 
failures at these elevations.  

The literature emphasises, with some exceptions e.g. (Lupo, 1999), the need to accurately 
model the caved material. The influence of the caved rock on the footwall stability as well on 
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the predominant failure modes have been numerically studied by several authors yet the 
need for further studies in the area is stated by most of them. Villegas & Nordlund (2008-a) 
stated that the caved rock mass supports the footwall even under draw conditions. This 
support is a relative term meaning that a theoretical removal of this flowing material 
(introduction of a void) would induce larger failures i.e. the caved rock retains part of its 
stabilising effect when flowing, but not all of it. The pressures from this material was shown 
in the literature to be influenced both by the flow and particle distribution of the caved 
material itself as well as by the geometry and geomechanical properties of the walls. At 
present there is no evaluation method to estimate these parameters in-situ and the explicit 
pressures of the caved material must thus be regarded as unknown.   

The assumed failure mode has changed as the mine deepened, the review has indicated 
that these changes was not brought on by drastic errors in the predictions but rather to better 
fit observations. This would indicate that the simplistic assumptions used might influence the 
accuracy more than the assumed failure mode. By using fitted rock mass properties the 
assumed failure surface has been shifted to coincide with observations. This approach 
allows predictions using different failure modes to yield similar output as dissimilar rock mass 
properties might be applied in the different prognoses. Approximating a failure surface using 
fictitious values without knowledge of the actual failure mechanisms could thus in some 
cases serve to explain observed behaviour and extent but should not be considered as a 
valid approach for long term prognosis. The essence of this would be that for performing 
prognosis accurate in the long run the true failure modes must first be determined where 
after a “best approximation” of the actual rock mass properties should be used as input  

Most papers related to the footwall stability have investigated either the stability of the wall or 
the surface subsidence simplifying one factor to estimate the other. The surface 
deformations and underground rock mass movement must be considered interconnected 
and should be considered in a single problem formulation. Furthermore, either 
“homogeneous” rock mass or major structures have been considered in numerical models, 
combinations of structurally controlled failure and failure through the rock mass (e.g. step 
path) or combinations of different failure mechanisms (e.g. toe crushing initiated slumping) 
should be evaluated. 

8.2 Gaps in documentation 

The underground rock-mass movement is currently only monitored by qualitative drift 
mapping and in special cases inferred from seismic recording systems. A surface 
deformation measurement programme is established but not connected to the current 
footwall failure prognosis. The studies of the footwall have so far been cyclic. A more 
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systematic monitoring system should be implemented in order to continuously validate the 
prediction models.  

Seismic data is currently not used in relation to tracking/evaluating the large scale rock mass 
movements in the footwall even though most of the seismic activity is recorded in this region. 

Mapping of the progression of the footwall outer failure line was to be performed every two 
years according to Hedin (1992), or once a year according to Hansen-Haug (2000). 
Especially the mid-to-late 1990´s and late 2000´s seem to suffer gaps in documentation, for 
which only notations on mine maps seems to exist. No interpretations or comprehensive 
descriptions of the failures have been found. Sjöberg (1999) presented mapped failures from 
1998 but these mapping campaigns do not seem to have been systematically documented at 
LKAB and has therefore not been accessed in full.    

A rough estimation of the current failure surface location can made using the above 
mentioned mine map notes in combination with the investigation by Krekula (2004) and an 
overview damage mapping performed by the author (Nilsson, 2012-b), see Figure 24.  

 

 

Figure 24 Graphical estimation of the position of the outer fracture line adapted from 
(Krekula, 2004) and (Nilsson, 2012-b) 
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Figure 24 indicates small deviations in the position of the fracture line between the years 
2004 and 2012. However, it is difficult to draw conclusions from this graph alone (Nilsson, 
2012-b) as deviations only start to be noticeable at the deepest of the mapped levels i.e. 
level 775 m. Additional mapping on levels near and below level 800 m should be performed 
to verify the indicated trends. Similar analyses should be performed for the areas outside 
Y22-24.  

There have been discussions during the work on this study related to a failure in the train 
tunnel on level 230 in the mid-90:s which forced the ore trains to reverse due to large cave-
ins (Nordlund, 2012). The tunnel in question is located roughly 700 m into the footwall and 
the mine maps show notes regarding significant rehabilitation, see Figure 25, but the date for 
these actions were not noted.  

 

Figure 25 Notes of rehabilitation in the train tunnel on level 230 

There seems to exist no other documentation of this incident apart from these rehabilitation 
notes containing the reference to the usage of plastic-fibre shotcrete – a type of 
reinforcement rarely applied before the mid-90:s. 

Documentation on the geology and geomechanical properties of the host rock at a distance 
from the ore contact is primarily based on drift mapping Volumes where future infrastructure 
is planned (such as near-ore beneath level 1400 m) have partly been investigated through  
core drilling. However, the geomechanical properties farther from CA but still in “in the 
mining area” i.e. in volumes at the same x-coordinates as CA but at higher or lower Y-
coordinates, have not been extensively studied. A large scale footwall failure extending away 
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from the “active drifting” and into the CA drifts at any level will thus progress in mainly non-
documented rock mass.  
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8.3  Research project proposal  

A partial objective of this study was to suggest scope, aim and purpose of a 5 year PhD 
research project based on findings from the reviewed data. This project must both 
demonstrate the potential of significant benefits to LKAB as well as satisfy the scientific and 
academic criteria for a doctoral thesis.  

Footwall failure is a proven fact in Kiirunavaara. The progressing failure reported seems to 
have no equivalent in the published literature, there is thus no reference of the future 
behaviour as the mine goes deeper. The historical records show that the failure prognoses 
(so far) have been significantly restructured at several occasions to fit observations.  

The failure mechanisms behind the global failure have yet to be determined, as is the 
relation to the increasing depth. An unexpected change in the failure propagation could 
significantly impede mining operations and affect the infrastructure both on the surface as 
well as the underground installations.  

It is thus of the outmost importance not only to understand the footwall failure up to date but 
also the future behaviour as mining progresses. Paramount to this aim are studies of the 
involved failure mechanisms and the influence from the caved rock masses as well as to 
accurately determine the present extent of the failure for the entire length of the mine.  

To initiate research in form of a LTU PhD-project would reap a number of direct benefits: 

• New footwall failure prognoses would be produced. The current method of 
prognosis is based on general charts (Hoek & Bray) and relatively rough 
assumptions where rock mass properties are fitted rather than evaluated from the 
field. New more comprehensive prognoses would aid in design of new infrastructure 
as well as predict life span of current installations and drifts. 
 

• A comprehensive geomechanical model of the Kiirunavaara mine would be 
produced without significant effort from TFG personnel. This geomechanical model 
could be re-used in other projects as it should be constructed using “actual” rock 
mass properties. An accurate geomechanical model is essential for stability 
analysis in large scale, and a prerequisite for connecting locally observed damage 
with global failure.   
 

• Failure of, and related consequences to, the mine infrastructure both on the surface 
as well as underground would be comprehensively studied and described. Knowing 
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how and when infrastructure will fail is as important as knowing if it will fail at all. 
Knowledge of the global footwall failure mechanisms would facilitate establishment 
of failure indicators separating global instability from local mining-induced damage.  
  

• A rock mass monitoring program would be designed for the footwall, evaluation of 
the installation as well as data analysis would be performed and compiled. 

Additional indirect benefits could potentially include:  

• Possible linkage between what is today separate systems e.g. seismic monitoring 
and surface subsidence monitoring.  
 

• Standardization of damage mapping in the Kiirunavaara underground mine (KUJ) to 
aid future damage evaluation. 
 

• Provision of comprehensively compiled literature related to the footwall and 
infrastructure to be used for orientation of new TFG staff.  

The objectives of a PhD-project are thus: 

• Determine the failure mechanisms in the footwall.  
 

• Develop a new prognosis method based on the true mechanisms and rock 
properties. 
 

• Describe in detail how the underground infrastructure will be affected by the footwall 
instability. 
 

• Describe in detail how the surface infrastructure will be affected by the footwall 
instability.  

Work carried out during the PhD-project will include: 

• Design of a monitoring programme to monitor the rock-mass movement and long 
term failure development. 
 

• Creation of a comprehensive unified description (geomechanical-model) of the 
collected information on the footwall. 
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• Study of the relationship between the global footwall failure and seismic events. 
 

• Development of numerical models to study footwall behaviour. 
 

• Further study of SLC mines and related research published by the academic 
society and the industry. 
 

• Development of prognosis methods.   
 

• Prognosis work for future mining. 

Resources required for satisfactory execution of the work include: 

• Access to the mining area: Safety courses and access-privileges.  
 

• Access to LKAB internal memos and documentation/reports in associated areas.  
 

• Annual damage mapping campaigns to track the failure development. 
 

• Installation of a monitoring programme. 
 

• Project funding for five years. 

Scope and limitations of the PhD-project are as follows: 

• The study will constitute the footwall only, not the hangingwall. 
 

• The study will include the entire active length of the mine (North-South). 
 

• Local failure of the footwall drifts due to stress redistribution caused by mining 
activities is outside the scope of work.  
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Appendix 

Appendix 1- Table of measurements 

Appendix 1 Table of measurements 

Measurement Instrument  location Level Date Results Reference 

Stress   Road 34 574 1996  (Holmstedt, 
1996-a) 

Deformation Grängestång Y19 775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Movement Shear cable Ore pass 
group 15  

740-
775 

Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Distometer-
lines 

Ore pass 
group 20  

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Grängesstång Ore pass 
group 20  

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Stress IRAD-sensor Ore pass 
group 20 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Grängesstång Ore pass 
group 23  

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Movement Possible 
Shear cable 

Ore pass 
group 23   

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Distometer-
lines 

Ore pass 
group 26  

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Movement Possible shear 
cable 

Ore pass 
group 26 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 
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Appendix 1 – Table of measurements continued 

Stress IRAD-sensor Ore pass 
group 26 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Distometer-
lines 

Y28.1 775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Movement Shear cable Y28.1 775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Distometer-
lines 

Ore pass 
group 29 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation Extensometer Ore pass 
group 29 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Stress HIC-cell Ore pass 
group 29 

775 Prel 
1996 

 (Holmstedt, 
1996-a) 

Deformation  Ditsometer-
lines 

Line 14-
30 

230 2000-
2004 

yes DIS-230.xls 

Deformation Distometer-
lines 

Line 1-13 230 1987-
1999 

yes DIS-230.xls 

Deformation Distometer-
lines 

 320 2000-
2001 

yes DIS-320.xls 

Deformation Distometer-
lines 

Line 1-6 509 1992-
1993 

yes DIS-509.xls 

Deformation Distometer-
lines 

KP55 550  yes DIS-KP55.xls 
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Appendix 1 – Table of measurements continued 

Deformation Distometer-
lines 

Road 25 765 2001 yes DIS-
V25_765.xls 

Deformation Distometer-
lines 

Water 
tunnel 

795 2002-
2003 

yes DISTV795.xls 

Deformation Distometer-
lines 

Road 25 386 1990-
1997 

yes DIS-
V25_386_AVS
LUTADES.xls 

Deformation Distometer-
lines 

Road 25 420 1989-
1999 

yes DIS-
V25_420.xls 

Deformation Distometer-
lines 

Road 25 540 1993-
2002 

yes DIS-
V25_540.xls 

Deformation Distometer-
lines 

Road 25 Line 
20-31 

1996-
2002 

yes DIS-
V25NEDRE_L
INA20-31.xls 

Deformation Distometer-
lines 

Road 25 Line 
1-19 

1985-
1999 

yes DIS-
V25ÖVRE_LI
NA1-19.xls 

Deformation Distometer-
lines 

Road 31 Line 
1-10 

1993-
1999 

yes DIS-V31.xls 

Deformation Distometer-
lines 

Road 43 Line 
1-7 

1993-
2002 

yes DIS-V43.xls 

Deformation Grängesstång Water 
tunnel  

795 2002-
2004 

yes GSTÅNG02.xl
s 
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Appendix 1 – Table of measurements continued 

Deformation Grängesstång Road 25  740 2002-
2004 

yes GSTÅNG02.xl
s 

Deformation Grängesstång Water 
tunnel  

795 2002-
2004 

yes GSTÅNG02.xl
s 

Deformation Grängesstång Road 25  896 2003-
2006 

yes GSTÅNG02.xl
s 

Movement Joint gauge Y17 & 
Y23 

320 2001 Yes – 
GEOK44
20.xls 

(Henry, 2001-
b) 

Movement Joint gauge Y25 509 2001 Yes – 
GEOK44
20.xls 

(Henry, 2001-
b) 

Movement Joint gauge Road 25 625, 
630, 
659 

2001 Yes – 
GEOK44
20.xls 

(Henry, 2001-
b) 

Stress  Y 30.7 1045 1995 Yes (Johansson, 
1995) 

Deformation  Y17 & 
Y24 

320 2000-
2002 

Yes OZAGAUGE.x
ls 

Deformation  TG25 “Uppe
r and 
lower” 

2000-
2005 

Yes OZAGAUGE.x
ls 
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Appendix 1 – Table of measurements concluded 

Deformation  MSK C Door, 
corrid
or 
and 
floor 

2000-
2006 

Yes OZAGAUGE.x
ls 

Deformation Ruler on wall Y24 509 2000-
2005 

Yes OZAGAUGE.x
ls 

Deformation  KP82 Left 
and 
right 

2002-
2003 

Yes OZAGAUGE.x
ls 

Deformation  Water 
tunnel 

795 2003-
2004 

Yes OZAGAUGE.x
ls 

Deformation  Road 25 Trans
forme
r 

2003 Yes OZAGAUGE.x
ls 

Deformation  KP82 Concr
ete-
wall 

2003-
2004 

Yes OZAGAUGE.x
ls 

 

   



 

 

 

 

Attachment: 

3 
 Date: 

10/25/2012 
 Our reference: 

12-821E 
 106 (137) 

Security classification: 

Internal 
      

Our office │ Officer │ Dep/Section 
Kiruna │ Karola Mäkitaavola │ TFG 
D   +46 98072 504 
E   karola.makitaavola@lkab.com 

 

  

Luossavaara-  
Kiirunavaara AB (publ) 
SE-981 86 Kiruna 
Sweden 

 

T +46 771 760 000 
F +46 771 760 002 

 

Registered location:  
Luleå 

 

Corporate Identity No: 
556001-5835 

 

www.lkab.com 
 

 

Appendix 2 - Joint mapping KUJ 

Appendix 2 Joint mapping KUJ 

Joint set Location Level Strike Dip Reference 

Footwall Y12-Y22 275-795 N65W 60SW Stephansson 
et al 1978  

-“- -“- -“- N5W 70E from (Lupo J. 
F., 1996) 

-“- -“- -“- N25E 75W -“- 

1 Y14-Y17 
Above 740 

N65W 60S 
Holmstedt 
1995 from  

2 
-“- -“- 

N30W 75NE 
(Lupo J. F., 
1996) 

3 -“- -“- N30E 75NW -“- 

1 Y17-Y25 -“- N70W 60S -“- 

2 -“- -“- N10W 70E -“- 

1 Y25-Y29 -“- N5W 70E -“- 

2 -“- -“- N75W 65S -“- 

3 -“- -“- N35E 70NW -“- 

4 -“- -“- N10E 90 -“- 

1 Y29-Y31 -“- N60W 60S -“- 

2 -“- -“- N30E 70N -“- 
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Appendix 2 Joint mapping KUJ continued 

3 -“- -“- N5W 70E -“- 

1 Y31-Y39 -“- N50W 65SW -“- 

2 -“- -“- N10W 65E -“- 

1 Y39-Y40 -“- N25W 65E -“- 

2 -“- -“- N50W 65SW -“- 

3 -“- -“- N40E 70W -“- 

1 Y40-Y45 -“- N30E 70SE -“- 

2 -“- -“- N40W 70SW -“- 

1 Y45-Y46 -“- N5E 65E -“- 

2 -“- -“- N50W 70S -“- 

3 -“- -“- N40E 75W -“- 

Ore pass 
group 48 Y48 

610-740 
NW-SW Steep NE 

(Liedberg, 
1983) 

-“- -“- -“- N20E 75W -“- 

-“- -“- -“- N58E 68S -“- 

-“- -“- -“- N75E 58S -“- 

Footwall 

North 
/Mid-
South 

 

 45-55SE 

(Henry & 
Dahner- 
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Appendix 2 Joint mapping KUJ continued 

-“- 
  

EW 55-60 
Lindkvist, 
2000) 

-“- 
  

NS 
Sub-
vertical 

-“- 

CA-area 
Y22 1100-1365 

214±20 64±10 NW 
Andersson 
(2009) 

-“- -“- -“- 147±20 62±10SW -“- 

Drill-core 
8033  

 1365<d>1500 
131±12 47±15 

-“- 

Drill-core 
8034 

 -“- 
323±12 77±7 

-“- 

-“-  -“- 205±20 65±7 -“- 

Footwall   1100-1365 93±15 58±10 -“- 

-“-  -“- 57±12 60±7 -“- 

Drill-core 
1252S 

Block 34-
38 

1252 
67±20 54±12 

-“- 

-“- -“- -“- 236±20 57±12 -“- 

Footwall 

Y14-Y16  

N65W 60SW 

(Stephansson, 
Borg, & 
Bäckblom, 
1978) 
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Appendix 2 Joint mapping KUJ concluded 

-“- -“- -“- N5W 70E -“- 

-“- -“- -“- N24E 75E -“- 
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Appendix 3 - Summary of historical records of Kiirunavaara 

A3.1 Large scale footwall stability 

The large scale footwall stability has been documented for a considerable time and the most 
relevant data is briefly summarised chronologically bellow, the documentation is arranged in 
observations and prognoses respectively. Additional, but less directly relevant, data exists 
and can be found in the references under section 9.2. 

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged. 

Year < 1977  

The outer fracture line was considered traceable using a straight failure line dipping 55˚ 
(Samuelson 1971), or 50-60˚  (Kiviniemi, 1977).  

A3.1.1 Year 1980-1989 

1981  

Observations: 

The dip of the failure line was estimated as 55-60˚ on level 320 –>370 m (Finn, 1981).  

Prognoses:  

From Y20 and further north level 509 m was predicted to be situated inside the failure zone 
as the extraction reached level 550 planned to the year 1985 (Finn, 1981). 
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1983  

Observations: 

Deformations were noted on level 467 m at Y4711-Y4730, the same area had previously 
been subjected to fracturing and fall-outs. The primary reason for this disturbance was 
believed to be remaining ore pillars in the sublevel caving area on level 445 m. The stresses 
were funnelled by the overlying pillars and activated the local structures. Leaving areas of 
intact rock at the footwall contact was discouraged, the disturbance was predicted to 
propagate downward (Holmstedt, 1983-b). The negative influence from remaining rock pillars 
in the ore zone was however disregarded by Lupo (1996), the presence of pillars was argued 
to have a stabilising effect delaying failure until the pillars fail (Lupo, 1996). 

Prognoses: 

Y22-Y24 on level 509 m was predicted to be affected by the failure zone after extraction of 
level 526 m planned to the year 1985 (Holmstedt, 1983-a). 

1984  

Observations: 

Local fall-outs were mapped and recorded on mine maps for levels 502 m and 509 m 
(Holmstedt, 1984). 

Prognoses:  

Y38-Y41 on level 509 m was predicted to remain stable for the foreseeable future 
(Holmstedt, 1984) . 
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1985 

Observations:  

Y2850-Y2910 was fracturing and fall-outs had occurred on level 540 m, Y22-Y24 had been 
subjected to continuous fracturing for the previous 1.5 years on level 509 m, the same was 
stated for Y2850-Y2920 on level 540 m (Holmstedt & Taube, 1985-b).  

Y20-Y24 on level 540 m had begun to show signs of failure due to extraction of level 490 m 
and 502 m, the then current failure line prognosis of 55-60˚  did not fit the observed damage, 
the failure zone was present further into the footwall than expected (Holmstedt & Taube, 
1985-a). 

Y22-Y24 on level 509 m - the failure line was estimated from experience to 45˚ in the area 
(Bäcktorp, 1985). 

Prognoses: 

Y2270-Y23 on level 540 m was predicted to be affected by the failure zone after extraction of 
level 562 m (Holmstedt & Taube, 1985-b). 

Y3950-Y4050 on level 509 m was predicted to be influenced by the failure zone after 
extraction at level 526 m. (Holmstedt & Taube, 1985-b) 

1986 

Observations:  

Y23-Y24 on level 420 m, significant fracturing was observed in shaft 2360 located 50 m into 
the footwall, fall-outs were confirmed 40 m in. This area was characterized by a lower angle 
of failure above level 540 m than the rest of the mine. This flattening of the failure line was 
due to both geological conditions as well as to the relatively high excavation ratio of facilities 
and infrastructure in this area.  

Prognoses:  

The behaviour at Y23-Y24 was predicted to continue downward with the mining depth, shaft 
2360 had a predicted life span of 10 more years. (Taube, 1986) 
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1987 

Observations:  

There was no indicated fracturing in the media drift at Y20-Y24 on level 540 m; the 
accelerated fracturing noted on the overlying levels did not seem to propagate down to this 
level (Holmstedt, 1987). 

Prognoses:  

The area around the media drift on 540 m was assesed as being stable for one more year 
(Holmstedt, 1987).  

1989 

Observations:  

Deep-seated failure was reported on levels 275, 320 and 370 m. The failure surface was 
located more than 50 m from the ore contact. Current extraction depth was 610 m (Henry & 
Dahner-Lindkvist, 2000).  

Prognoses:  

Not documented. 
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A3.1.2 Year 1990-1999 

1990 

Observations:  

Level 230 m – observations interpreted as global fracturing had been made between Y1960 
and Y2190. Level 275 m – deformations could be observed close to the switchgear UB 23 at 
Y2110. Level 509 m - Y2400-Y3200, the area was very fractured and was regarded as a risk 
area, the drift was located in close proximity to the ore and the footwall failure was moving 
inward. The global footwall failure was observed approximately 20 m from road 25 at Y2125-
2190 (Dahnér, 1990).   

Prognoses:  

The linear failure line of 60˚ was still in general use (Dahnér, 1990). 
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1992 

Observations: 

An update of the fracture line on the footwall side was decided to be performed every two 
years (Hedin, 1992).   

Prognoses:  

Dahner-lindkvist C presented a thesis work related to the failure surface of the footwall, a 
circular failure surface was adopted. The work related to the PhD thesis of Lupo J was 
planned, Y20-Y30 was suggested to be the area of focus (Hedin, 1992).  

By fitting circular failure surface curves to mapped damage the cohesion of the rock mass in 
the footwall was estimated for the mine according to Table 10 (Dahner-lindkvist 1992).  

Table 10 Adapted from (Dahner-lindkvist, 1992-a) and (Lupo, 1996) 

Section Coordinate Estimated cohesion Estimated friction angle 

1 – Y20 Just below 1.50 MPa 30 

2 Y20 - Y23 1.50 MPa 30 

3 Y23 - Y245 1.15 MPa 30 

4 Y245- Y30 1.50 MPa 30 

5 Y30 – 1.5-2.4 MPa 30 
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1993  

Observations:  

The incoming ventilation shafts on level 275 at Y21-Y22 now became influenced by the 
footwall instability. So was the out-going ventilation on Y20-Y23 level 320  (Paganus, 1993). 

Prognoses:  

Correspondence related to shaft planning indicated that for an assumed circular failure 
mechanism the internal cohesion of the rock mass should not be “given” values exceeding 2 
MPa (Hustrulid, 1993). 

1996 

Observations:  

Not documented. 

Prognoses:  

A stress focused stability prognosis was presented due to the transfer to a new main level in 
the mine (transferring from 775 to 1045). The stress field was modelled using FLAC, the 
caved rock material was not included in the model, homogenous elastic conditions were 
assumed. Analysis showed fair correlation between the calculated stress field and measured 
values. The models run were of both global and local nature, the general stress field derived 
in the global models was used as input to the local models. Combined these models 
produced ore extraction boundaries based on acceptable stress levels constituting distances 
from the ore/host rock contact on level 775 m and 60˚ dipping lines drawn from these points 
up the extraction level of interest. In addition experiences from the previous main level 
transfer were summarised and used together with the FLAC results to predict future problem 
areas (Dahner-Lindkvist, 1996-c).  

Lupo J published his doctoral thesis on the subject of ground deformation due to mining of 
inclined ore bodies. The thesis was centred on the Kiirunavaara mine and studied the 
surface deformations on both the hangingwall and the footwall. The assumed failure mode of 
the footwall was plane/structurally controlled failure in combination with a surface tension 
crack (Lupo, 1996).  
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1999 

Observations:  

Mapping of current failures in the footwall has been performed and was referenced in 
Sjöberg (1999) but corresponding internal LKAB documents of this mapping has not been 
located, only personal communication was referenced by (Sjöberg, 1999).  

Prognoses:  

Sjöberg J published his doctoral thesis on the subject of large scale rock slopes, the 
Kiirunavaara mine was examined as one of several cases studies, circular shear failure 
through rock mass was indicated.  

A3.1.3 Year 2000-2009 

2000 

Observations:  

The outer fracture line was approximated using a circular failure surface derived from Hoek 
and Brays charts with the properties φ=35˚ c=0.6 MPa (Henry,  2000). 

The actual deep seated failure reported in 1989 had since then been extended both 
southward and to the north but had yet to progress further into the footwall away from the ore 
contact. It now extended from Y14 to Y26 and was to the west limited by a set of major 
structures dipping steeply from the surface to 230 and roughly parallel to the orebody 50-60˚ 
from level 230 m to 540 m (Henry & Dahner-Lindkvist, 2000). 

Prognoses:  

The failure surface was examined using sensitivity analysis on the friction angle and 
cohesion, the actual outer fracture surface was best approximated using the current values 
of 35˚ and 0.6 MPa respectively, a change in these values was shown to significantly 
influence the expected position of the failure surface (Henry, 2000-b).  

The long term stability of the infrastructure and facilities located on level 740 m at Y30 was 
briefly examined. The footwall was considered stable at Y30 and the indicated failure surface 
should be regarded as a risk zone rather than an area where failure is expected. The 
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infrastructure (including workshops, shafts, roads and switchgears) were to enter the risk 
area after extraction of level 820 m around the year 2002 (Henry, 2000-c).  

According to Hansen-Haug, (2000), the accessible parts of the old levels in the footwall 
should be mapped every year to track the outer failure line and in conjunction continuously 
calibrate the prognoses. The result of this mapping was to be recorded on maps and kept on 
electronic record (Hansen-Haug J., 2000).  

The surface deformation prognoses were updated based on a limiting angle of 60˚ 
alternatively 55˚ from the current extraction level. The liming angle was related to the area 
which is considered to be unusable due to fracturing (Mäkitaavola, 2009). 55˚ being the less 
plausible. 

2001 

Observations:  

During 1999 and 2000 a large portion of the infrastructure in the mine was mapped by Henry 
et al, (2001-a) with respect to damage and the possible correlation to large scale structures 
in the footwall above 740 m. The results and analyses were published in a technical report. 
The general results and conclusions are referenced in full below: 

1. The intensity of damage decreased as one moves from the old ore contact towards 
the outer fracture line. Close to the ore contact the rock and rock support were 
heavily damaged and cave-ins were not unusual. The caved areas would in some 
cases extend a few tens of metres. In the area between the caved areas and the 
outer fracture line the stopes were still accessible despite activation along 
structures. Local crushing of reinforcement, sheared infrastructure (concrete pillars, 
ore chutes and so on) or fall out of rock could be observed.  
 

2. North of Y26 and along the entire height of the excavated orebody it was clear that 
the outer fracture line consists of local structures parallel to the ore. Between Y22 
and Y26 structures dipping 60˚ and located a few tens of metres to 100 m into the 
footwall (in the horizontal plane) has been mapped, the structures showed sign of 
previous shear movement. The structures were infilled by clay or schist with a 
thickness of several centimetres. The structure set was heavily saturated. It has 
been encountered systematically on all levels between 230 m and 713 m and might 
continue to the levels 849->910. Above 230 it seemed to intersect with a sub 
vertical structure also mapped on the surface, the daylight point of the structure set 
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itself had yet to be found. Beneath level 713 m i.e. starting at level 740 m a second 
intersection was indicated, the intersecting structure was somewhat steeper and 
oriented NNE-SSW. The extension of the structure set north of Y22 seemed 
complex and perhaps constituted several structures with similar orientation. The 
main structure was suggested to be named “Liggvägg aktiverad huvudstruktur nr 1” 
(LAH 1). The shear movement could in some places be estimated from blasting half 
pipes displaying obvious shear, in some cases up to 20cm and in others less than 2 
cm. Observations from half pipes like these indicated that the magnitude of the 
movement decreased with increasing depth, the movement was thus absorbed 
between the surface and level 659 m.  
  

3. ‘Recently’ a similar active structure on Y17, level 230 m and 320 m had been 
encountered. The existence on level 275 m was not proven while the remaining 
levels were not accessible on this Y coordinate. On level 230 m and 320 m the 
shotcrete showed signs of crushing along the heavily saturated structure. On the 
ground surface it seemed to intersect with the mine entrance at road 16 but this had 
yet to be proven. This structure was suggested to be named “Liggvägg aktiverad 
huvudstruktur nr 2” (LAH 2). 
 

4. Between Y26 and Y31 a smooth NE-SW oriented structure had been opened on 
levels 230, 275, 320 and 370 m. The continuation into level 420 had not been 
encountered; this structure was suggested to be named “Liggvägg aktiverad 
huvudstruktur nr 3” (LAH3).  
 

5. South of Y31 the interpretation was more difficult. Most of the observed damage 
was related to main structures or clay filled formations but no reliable interpolation 
colud be done at the ‘present’ time. The damaged zone in the south part of the 
mine had recently deteriorated significantly and if the area continued to be active 
during the coming years new main structures could possibly be identified.  
 

6. Between Y22 and Y26 the outer fracture line had not moved further west since the 
late 1980:s. 
 

7. Beneath level 509 m dipping structures showed visible signs on activation, the 
shotcrete was fractured along some of these structures. These structures had more 
or less the same orientation as the “kapten” fault and constituted large amplitudes 
(sometimes hundreds of metres). The movement along these structures were 
probably in the order of a few millimetres. The structures were typically smooth and 
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infilled by clay material and sometimes saturated. Despite the non-favourable 
orientation of the structures they still presented good sliding surfaces.  
 

8. Following more than a decade of observations one could conclude that the 
instability presented a danger to the infrastructure and that the phenomenon could 
not be prevented. One might however reduce the consequences by stabilising the 
fall-outs using adequate rock reinforcement: sturdy concrete casts on level 230 m 
had been protecting water pipelines fairly well for several years. Even if the casts 
themselves had been opened or sheared several centimetres blocks that would 
otherwise have fallen on the pipelines had been successfully stabilised.   

Large scale structurally controlled failures such as complex wedge failures via LAH 1 were 
indicated for the northern part of the mine. In the southern part the analysis was more 
difficult but the probable influence from the Kapten fault was emphasised, failure through 
intact rock was considered less likely (Henry, 2001-a). 

Prognoses:  

The circular surface was still maintained as the primary tool for large scale stability prognosis 
in lack of a better fitting method (Henry, 2001-a).  

The stated need for further research was primarily related to the behaviour and influence 
from the caved material but also to plausible failure mechanisms with emphasis on the 
southern part of the mine (Henry, 2001-a).   
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2004 

Observations:  

An investigation on the life expectancy of the pump chain was published by Krekula (2004), 
related measurement data was presented. Damage mapping had been performed between 
Y19 and Y28 and the results were related to the position of the outer fracture line in relation 
to the pump network. It was found that the damage above level 540 m primarily constituted 
movements along existing structures whereas beneath level 740 m failure through intact rock 
could be observed, the mapping was performed between levels 230 m and 775 m  (Krekula, 
2004). 

Prognoses:  

Future movements in the upper part of the footwall rock mass were predicted to be slowly 
progressing. The consequences would thus be less than severe as ample time will be 
avaiable for remedieal actions. The prognosis made was based on 4 years of measurements 
on movements in large scale structures above level 740 m (Krekula, 2004).  

2007 

Observations:  

The old main level 775 was extensively mapped and the results were presented in a 
technical report by Perman, (2007).  

Prognoses:  

Not documented. 
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A3.1.4 Year 2010 <  

2012 

Observations: 

Mapping campaigns corresponding to those of 2004 and 2007 were performed within this 
work and the results were presented in separate reports by Nilsson (2012-a, 2012-b).  

Prognoses:  

Not documented. 

A3.2 Pump network 

The pump network consists of shafts and pump rooms denoted as KP(z-coordinate/10), 
each KP is fed by the KP on the next level down forming a chain of transportation, see 
Figure 26. Thus, all KPs and shafts are essential for the water allocation as any break in the 
chain will cut the transportation route. The KPs have been individually monitored during their 
lifespan with regard to the global footwall failure zone.   

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged. 

 



 

 

 

 

Attachment: 

3 
 Date: 

10/25/2012 
 Our reference: 

12-821E 
 123 (137) 

Security classification: 

Internal 
      

Our office │ Officer │ Dep/Section 
Kiruna │ Karola Mäkitaavola │ TFG 
D   +46 98072 504 
E   karola.makitaavola@lkab.com 

 

  

Luossavaara-  
Kiirunavaara AB (publ) 
SE-981 86 Kiruna 
Sweden 

 

T +46 771 760 000 
F +46 771 760 002 

 

Registered location:  
Luleå 

 

Corporate Identity No: 
556001-5835 

 

www.lkab.com 
 

 

 

Figure 26 Pump chain Adapted from (Krekula 2004) Y-coordinate range from Y2260-
Y2450 

A3.2.1 Year 1980-1989 

1981  

Observations:  

An action plan for the event of failure of KP21 was requested, the pipe-shaft between KP51 
and KP41 on level 420 m was abandoned due to expected failure (Finn, 1981). 

Prognoses: 

 Not documented. 
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1983 

Observations:  

The observed fracture development around and in KP21 was deemed not related to the 
global instability of the footwall but rather to activation of local structures (Holmstedt & 
Paganus,  1983). 

Prognoses:  

KP55 was considered to be safe from influence by the outer fracture line in the future as long 
as the failure line exceeded 55˚  and the predicted dip of the orebody was accurate 
(Holmstedt & Paganus, 1983). 

1985 

Observations:  

Not documented. 

Prognoses:  

The risk for further fracture development in KP21 was deemed unlikely for the foreseeable 
future. KP55 would possibly start to fail during 89/90 according to the then current prognosis 
(Holmstedt, 1985).  

1989 

Observations:  

Large fall-outs were recorded in road 17 next to KP55, the location of the fall-outs could be 
correlated to a line running parallel to the orebody – this line was considered the outer 
fracture line (Holmstedt & Öhrn, 1989). 

Prognoses:  

KP55 was expected to begin to fail sometime 1991/1992 (Holmstedt, 1985) [handwritten 
notation from 1989/1990]. 
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A3.2.2 Year 1990-1999 

1992 

Observations:  

A new basin adjacent to KP54 was planned on level 520 m next to road 22 to secure the 
availability of drilling water. (Engberg, 1992) 

The “shortcut” between KP52 and road 17 had now completely failed (Hedin, 1992). 

Prognoses:  

Not documented. 

1996 

Observations:  

Fall-out from pillar at KP54 occurred – reinforced using net, bolting and shotcrete (Berglind, 
1999). 

Shaft 2280 on level 795 m housing pipelines to KP82 showed signs of fracturing – reinforced 
using netting. The extraction of level 740m was believed to be the major contributor to the 
damage (Dahner-Lindkvist ,1996). 

Prognoses:  

Not documented. 
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A3.2.3 Year 2000-2009 

2000 

Observations:  

In shaft 2360 on levels 740-775 m connected to KP82 a large scale footwall failure could be 
observed – the upper part of the shaft was predicted to start caving in 2005 (Berglind, 2000). 
Field mapping in the mine indicated that the outer failure line did not correspond to the more 
conservative prognosis at Y2290 for an excavation of level 792 m. It was speculated that the 
deviation was caused by the uneaven vertical excavation front throughout the mine (Hansen-
Haug J., 2000).  

Prognoses:  

KP82 was expected to enter the failure zone in 2005, KP27 in 2006-2007 assuming a 
circular failure surface with φ=35˚ and c=0.6 MPa (Henry, 2000-b) 

The switchgear UH30 on level 740 m was located close to the outer fracture line, it would 
according to the prognosis be influenced during the year 2002, a pre-emptive relocation was 
recommended (Berglind, 2000).  KP82 and KP27 should be replaced by 2006, KP54 was 
predicted to be critically influenced by the large scale failure in 2012 (Hansen-Haug J., 
2000). 

2001 

Observations:  

KP82 showed signs of initiating failure, cracking, fractures were forming in the pillar inside 
KP82, no shearing was indicated by shear cables. Movement recorders (rulers) were 
installed along major joints, the deformations were believed to be caused by the mining 
(Berglind, 2001-a). 3 months later the recorders showed no additional movements, there 
were some progressive cracking (Berglind, 2001-c). 

Prognoses:  

Not documented. 
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2002 

Observations:  

Dahner-lindkvist presented a brief investigation on the state of KP82. The most important 
results from this study were that many of the problems in the area near KP82 were not 
related to the global instability of the footwall but to poor local rock mass conditions (Dahnér, 
2002). 

Prognoses:  

From this point on no significant deformations were expected at KP82 since no mineable ore 
remained in the direct vicinity (Dahnér, 2002).  

2003 

Observations: 

A failure was observed in the pillar between the basins at KP82. In addition some small 
crack initiation could be seen in the basins and the pillar in the KP itself (Krekula, 2004). 

Prognoses: 

Not documented. 
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2004 

Observations:  

KP82, located in a poor quality rock mass, had at this time suffered significant deformation, 
especially so the water tunnel connected to KP82 located very close to the ore contact on 
level 792 m. A recommendation was made to replace KP82 in the near future  (Krekula, 
2004). 

Prognoses:  

An investigation on the life expectancy of the pump chain was published by Krekula, 
extensive measurement data was presented. The failure due to influence from the outer 
fracture zone was deemed to be slow and there will thus often be ample time for remedial 
actions after initiation has been indicated. No absolute dates were therefore given for the 
failure any specific infrastructure, instead a mapping and follow up regime was 
recommended to address failure as it initiates (Krekula, 2004). 

2007 

Observations:  

The outer fracture line could be found about 45 m from the water pipe at KP27 and 190 m 
from KP54 (Krekula, 2007). 

Prognoses:  

4-5 years of further undisturbed use of KP27 was predicted (Krekula, 2007). 

  



 

 

 

 

Attachment: 

3 
 Date: 

10/25/2012 
 Our reference: 

12-821E 
 129 (137) 

Security classification: 

Internal 
      

Our office │ Officer │ Dep/Section 
Kiruna │ Karola Mäkitaavola │ TFG 
D   +46 98072 504 
E   karola.makitaavola@lkab.com 

 

  

Luossavaara-  
Kiirunavaara AB (publ) 
SE-981 86 Kiruna 
Sweden 

 

T +46 771 760 000 
F +46 771 760 002 

 

Registered location:  
Luleå 

 

Corporate Identity No: 
556001-5835 

 

www.lkab.com 
 

 

2008 

Observations:  

A tension crack was located at a distance of 40 m from the water pipe at KP27, on level 230 
m the horizontal distance to the outer fracture line was 70 m (Krekula, 2008). 

Prognoses:  

Not documented. 

A3.2.4 Year 2010> 

2012 

Observations:  

The currently active KP:s are 132,112,90, 57 and 27. 

Prognoses:  

Not documented. 
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A3.3 Ramps 

Stability notes related to specific ramps and intersections are briefly summarised.  

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged.  

A3.3.1 Year 1980-1989 

1989 

Observations:  

Fall-outs and failure was reported at road 17 on level 540 m – the level was decommissioned 
6 years earlier (Holmstedt, 1996-a). 

Prognoses:  

Not documented. 

A3.3.2 Year 1990-1999 

1990 

Observations:  

Fallouts at the entrance to road 26 at level 632 m was documented (Bäckström, 1990). 

Prognoses:  

Not documented. 
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1992 

Observations:  

Road 16 was suggested to be repositioned between the surface and level 370 m due to the 
influence of the large scale instability (Paganus, 1992-b). Media on level 230 should be 
moved from road 16 in preparation of the repositioning, 10m long cracks could be observed 
in the roof (Hedin, 1992). Cracking was detected in concrete casts at road 25 on level 650 m 
(Hedin, 1992) the connection between road 25 and road 18 on level 540 m was deemed 
unsafe (Engberg, 1992). 

Prognoses:  

Not documented. 

1993 

Observations:  

The old part of road 16 and road 25 on level 370-390 m showed large deformations and 
were closed for traffic, road 16 had been repositioned (Hansen-Haug, 1993). 

Prognoses:  

Not documented. 

2003 

Observations: 

A “grängesstång” (an extendable roof-floor convergence measuring pole)  was installed at 
road 25 on level 896 m during 2003 due to high deformations in the roof, after 
reinforcements the deformations leveled out at 0.01mm/day (Krekula, 2004). 

Prognoses: Non-specific. 
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A3.4 Ore passes and shafts 

Shaft includes both permanent infrastructure such as ventilation and media shaft as well as 
semi temporary installations such as ore passes. The localisation of the shafts is indicated 
by the ore pass group number (ore passes) or name (permanent infrastructure) - both 
determined by the approximate Y-coordinate.  

Observations and prognoses are arranged according to year of occurrence, this is not by 
necessity the same as year of publication as some observations have been published as 
background in a larger context. Comments are related to the observations and prognoses 
referenced under the specific year and are not chronologically arranged. 

A3.4.1 Year 1980-1989 

1984 

Observations:  

Ore pass group 27 – fall-outs were reported to the south of the group on level 540 m 
(Holmstedt , 1996). 

Prognoses:  

Not documented. 
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1985 

Observations:  

Ore pass group 32 – fall-outs were reported on level 540 m (Dahner-Lindkvist, 1996-c). 

Prognoses:  

Not documented. 

1989 

Observations:  

Ore pass group 26 – fall-outs and fracturing were reported on level 540 m, the level was 
decommissioned 6 years earlier. The fracturing was probably due to changes in the stress 
field caused by the extraction and the large scale footwall instability (Dahner-Lindkvist, 1996-
c).  Ore pass group 27 – cave-ins were reported from the area on level 540 m (Holmstedt, 
1996-a). Ore pass group 32 – Additional fall-outs occurred in the same area as 1985 
(Dahner-Lindkvist, 1996-c). 

Prognoses:  

Not documented. 

A3.4.2 Year 1990-1999 

1990 

Observations:  

Ore pass group 26 – fall-outs were reported in shaft 2570 and 269 on levels 622 to 730 m 
(Bäckström, 1990). 

Prognoses:  

Not documented. 
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1992 

Observations:  

Air shaft 1700 was casted shut above level 540 m due to instability (Dahner-Lindkvist, 1992-
b). 

Prognoses:  

Shaft 2360 was predicted to be influenced on level 270 as the extraction reached level 740 
m, the shaft housed drainage water pipelines between KP82 and KP54 as well as other 
media (Engberg, 1992).  

1993 

Observations:  

Ore pass group 22 – the wall on level 540 m was subjected to pressure and had deformed 
inward (Holmstedt, 1996-a) visible deformations were recorded adjacent to the ore pass 
(Dahner-Lindkvist, 1996-a). Ore pass group 27 – the caved-in area on level 540 m had 
increased to 65 m in length and was located 30 m from the ore/host contact. The first fall-
outs occurred one year after the de-commission of level 540 m, the area started to cave 5 
years after decommission (Holmstedt, 1996-b). 

Prognoses:  

Not documented. 

1994 

Observations:  

Ore pass group 22 – Larger fall-outs were reported on level 540 (Holmstedt, 1996-a). 

Prognoses:  

Not documented. 
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1996 

Observations: 

A fault zone containing calcite and chlorite was identified in the area around ore pass 23 on 
level 775 m, many of the problems reported in the vicinity was likely caused by this 
weakness plane (Dahner-Lindkvist, 1996-a). Ore pass group 22 – fracturing and fall-outs on 
level 775 m due to extraction on level 713m were documented, the fall-outs were caused by 
changes in the stress field (Dahner-Lindkvist, 1996-b). The main track of ore pass 20 was 
located 56 m from the ore contact on level 775 m (LKAB, 1996). Ore-pass group 26 – The 
area on level 755 m contained a fault zone similar to that at ore-pass 23 (Dahner-Lindkvist, 
1996-a). 

Prognoses:  

Stability prognoses were made for the individual ore-pass groups on level 775 m for various 
extraction levels (Dahner-Lindkvist, 1996-a). 

1997 

Observations:  

Ore pass group 19 – a poor quality area in the roof was fracturing on level 775 m (Dahner-
Lindkvist, 1997-d). The fracturing later spread to outside the exit on the same level (Dahner-
Lindkvist, 1997-b). Ore pass group 20 – the previously reported fracturing continued 
(Dahner-Lindkvist, 1997-c). Large problems were reported on level 775 m – a proposal to 
leave ore for later extraction on level 740 m and 765 m was made but specific ore type 
shortage lead to a revision of the mining plan and all ore was extracted (Backströ et al, 
1997). Ore pass group 23 - Fall-outs occurred at the entrance on level 775 m (Dahner-
Lindkvist, 1997-a). Ore pass group 26 - The loading stope across the entrance on level 775 
m was subjected to significant deformation due to the extraction on level 713 m (Dahner-
Lindkvist, 1997-b).  

Prognoses:  

Not documented. 
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1998 

Observations:  

Ore pass group 19, level 775 – the parallel track was subjected to accelerated deterioration 
due to the extraction on level 740 m (Dahner-Lindkvist, 1998-a). Ore pass group 23 – fall-
outs were reported in shaft 2320 on level 775 m (Dahner-Lindkvist, 1998-b).  

Prognoses:  

Not documented. 

A3.4.3 Year 2000-2009 

2002 

Observations:  

Fallouts occurred in skip shafts B11-14, the main reason was bad adhesion between 
shotcrete and rock face, the exception was B12 where the damage was related to high 
stresses (Krekula,  2002). 

Prognoses:  

Not documented. 
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A3.5 Additional infrastructure and Facilities 

A3.5.1 Kimit 740 Y22-25 

Observations:  

A rock mechanic statement was published in 2001 regarding the current and future state of 
the Kimit facility, some influence from the extraction was noted during 2001. 

Prognoses:  

Using the circular failure surface the facility was predicted to be affected by the large scale 
failure zone when the extraction depth reached 1000 m, (Berglind, 2001-b). 


	12-821E Feasibility_Study_on_Global_Footwall_Stability_at_the_Kiirunavaara_Mine__V0 931_front
	12-821E Feasibility_Study_on_Global_Footwall_Stability_at_the_Kiirunavaara_Mine__V0 931
	Summary
	Sammanfattning
	1  Introduction
	1.1 Objectives
	1.2 Scope

	2  Layout of the Kiirunavaara mine
	3  Geology and geomechanical conditions in the footwall
	3.1 General
	3.1.1 Joint data
	3.1.2 Hydrogeology
	3.1.3 State of stress

	3.2 Conditions by depth
	3.2.1 Conditions above level 740 m
	3.2.2 Conditions at level 795 m
	3.2.3 Conditions between levels 750-1050 m
	3.2.4 Conditions between levels 1100-1500 m


	4  Historical records from the Kiirunavaara mine
	4.1  Large scale footwall failure
	4.2 Pump network
	4.3 Ramps
	4.4 Ore passes and shafts
	4.5 Additional infrastructure and Facilities

	5  LKAB Measurements
	5.1  Underground deformations
	5.2  Surface deformation
	5.3  Seismicity

	6  Literature review
	6.1 Failure modes
	6.1.1 Plane failure
	6.1.2 Step path failure
	6.1.3 Wedge failure
	6.1.4 Circular shear failure
	6.1.5 Toppling failure
	6.1.6 Slumping failure

	6.2  Caved rock masses
	6.2.1 Silo theory
	6.2.2 Active earth pressure

	6.3 Local drift stability
	6.3.1 Haulage drift stability
	6.3.2 Footwall drift stability

	6.4  Case studies on global stability
	6.4.1 Slope stability in open pit mines
	6.4.2 Chuquicamata Open Pit, Antofagasta Region, Chile
	6.4.3 Cadia Hill, New south Wales, Australia
	6.4.4 Bingham Canyon, Utah, USA

	6.5 Case studies on underground mines
	6.5.1 Kiirunavaara, Kiruna, Sweden, SLC
	6.5.2 Kvannevann, Mo i Rana, Norway, SLC
	6.5.3 Perseverance, Leinster, Australia, SLC
	6.5.4 Stobie mine, Sudbury, Canada, SLC
	6.5.5 Ridgeway, New South Wales, Australia, SLC-BC
	6.5.6 Palabora, Limpopo, South Africa, BC

	6.6 Case studies summary

	7  Discussion
	7.1  The Kiirunavaara footwall rock mass
	7.2 The caved rock in Kiirunavaara
	7.3 Kiirunavaara large scale footwall failure
	7.4 Discussion on the literature

	8  Conclusions
	8.1 Gaps in knowledge
	8.2 Gaps in documentation
	8.3  Research project proposal

	9  References
	9.1  Cited
	9.2  Consulted but not cited LKAB internal memos

	Appendix
	Appendix 1- Table of measurements
	Appendix 2 - Joint mapping KUJ
	Appendix 3 - Summary of historical records of Kiirunavaara
	A3.1 Large scale footwall stability
	A3.1.1 Year 1980-1989
	A3.1.2 Year 1990-1999
	A3.1.3 Year 2000-2009
	A3.1.4 Year 2010 <

	A3.2 Pump network
	A3.2.1 Year 1980-1989
	A3.2.2 Year 1990-1999
	A3.2.3 Year 2000-2009
	A3.2.4 Year 2010>

	A3.3 Ramps
	A3.3.1 Year 1980-1989
	A3.3.2 Year 1990-1999

	A3.4 Ore passes and shafts
	A3.4.1 Year 1980-1989
	A3.4.2 Year 1990-1999
	A3.4.3 Year 2000-2009

	A3.5 Additional infrastructure and Facilities
	A3.5.1 Kimit 740 Y22-25




