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Abstract 
This document contains the results and analyses of a mapping campaign for the partial 
determination of the outer fracture line in the Kiirunavaara footwall conducted on 19-22 
March 2013. As reference the levels 320, 420, 507, 540, 740 and 775 m have been used. 
Damage mapping has during this campaign been performed on all levels except level 420 m 
where previous mapping results were considered sufficient. The results from the mapping 
showed that the outer fracture line has been practically stationary on the shallow levels 
during the last years as new damage was only observed on the deeper levels. Damage on 
levels above 740 m was judged to be mainly controlled by naturally existing discontinuities. 
On levels below 740 m the majority of the failures seemed to be stress induced.  
The results have been used to interpolate damage lines along the respective levels which 
have then been used to estimate a continuous fracture surface between the studied levels. 
The fracture surface was analysed with respect to the geometrical shape and with some 
consideration to the position of the underground infrastructure. A simplified construction 
plane of the fracture surface could be stated as dipping 55-60˚ to the east and striking 
parallel to the ore contact.  
An extension of the construction plane towards the ground surface indicates a day-lighting 
line that lies significantly further into the footwall than surface cracks have been observed. 
Extension of the construction plane downwards was not recommended as the behaviour of 
the lowest mapped level (775) significantly deviates from the dip and strike indicated by the 
above lying observations.  
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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 LKABs 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 to fill the void created by the ore 
extraction. This progressive caving is a prerequisite for optimal performance of the operation. 
As mining progresses and the orebody is removed the footwall contact becomes de-stressed 
and assumes a slope-like geometry. The footwall “slope” is partially supported by the caved 
rock masses from the hangingwall (Villegas & Nordlund, 2008). Despite this, damage both on 
the footwall crest and in the footwall underground has been observed 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.  
The progressive rock mass movement in the footwall is currently indicated by surface 
subsidence and spot observations underground. Underground failure surfaces have 
traditionally been estimated using empirical relationships.  
This report describes a damage mapping campaign conducted on19-22 March 2013 aiming 
to update the underground spot observations and to present them in the context of a large 
scale footwall fracturing.  

 The Kiirunavaara mine 1.1.
The Kiirunavaara mine is a large scale iron ore sublevel caving operation producing 28 Mt 
(million metric tons) p.a., near the city of Kiruna, Sweden. The main orebody is mined using 
SLC with the current main haulage level at level 1045 m situated at a depth of roughly 800 m 
(actual depth from ground surface).  
 

 Coordinate system 1.1.1.
In general terms the orientation of the mine is north to south with the footwall 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 top of the Kiirunavaara 
mountain. The local y-axis is roughly oriented north to south and follows the general strike of 
the orebody, the x-axis is oriented roughly west to east. The z-coordinates increase with 
depth, y-coordinates increase southwards and x-coordinates increase eastwards into and 
beyond the hangingwall, see Figure 1. 
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Figure 1 Coordinate orientations of the Kiirunavaara mine 

 Orebody  1.1.2.
The orebody undercuts the hangingwall as it dips roughly 60˚ east. The orebody is sectioned 
into production blocks. The blocks are named from their position along the y-coordinate axis 
combined with the level (z-coordinate) on which the block is/was excavated. 

 Infrastructure 1.1.3.
The LKAB surface and underground infrastructure is located on and within the footwall. The 
underground infrastructure is situated inside the footwall and aligned parallel to the length of 
the orebody, see Figure 2. Most of the permanent infrastructure such as crushers, skip shafts 
and workshops are located far into the footwall in the so-called “CA” (centrala anläggningar), 
the CA area is located between y-coordinates Y22 and Y25. From the CA-area access and 
transportation drifts extend eastwards to the actual mining areas. 
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Figure 2 Principal layout of the Kiirunavaara mine infrastructure, with courtesy of LKAB 

The infrastructure in the mining areas primarily consists of roads and ore passes designated 
by their placement according to the local y-coordinate e.g. ore pass group 19 is located 
roughly at Y19. The ore passes are fed from overlying production areas in the orebody which 
are divided into blocks designated by their y-coordinates.  
The northern part of the mine is designated “Lake ore”; excavation of this volume did not 
originate in the open pit as contrary to the rest of the mine. The orebody has been accessed 
from the underground infrastructure only. 

 Background 1.2.
The outer extent of the footwall fracturing (outer fracture surface) has been estimated 
between the mine sections Y22 and Y24 on the levels 230-775 m most recently during 2004 
and 2012 by Krekula (2004) and by the author, Nilsson (2012a, 2012b) respectively.  
Nilsson (2012c) summarised the two mapping campaigns and determined that the extent of 
the fracture zone was not explicitly documented outside Y22-24 and that continuous follow-
up of the fracture progression had not been performed. It was also concluded that the extent 
of the fracture zone should be determined by damage mapping in such locations where it 
was deemed possible with respect to access through old stopes and mining levels and by 
instrumentation/interpolation where no physical access is possible.  

 Objectives 1.3.
The report covers the methodology of selecting viable mapping areas. Areas are selected on 
multiple levels covering the full length of the mine. Mapping results are presented and 
analysed as the outer extent of the mapped damage is visualised as a fracture surface. The 
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fracture surface is subsequently studied and analysed for use as calibration data to 
numerical models.  
As a first activity an attempt to determine the extent of the fractured zone through damage 
mapping is done where this is estimated to be plausible. This activity aims to: 

• Determine the areas where damage mapping is most likely to contribute qualitative 
information regarding the extent of the fractured zone at the current time on levels 
between and including 320 and 775 m. 

• Analyse the results from mapping of these areas. 
• Present a plan of action to continue the work to determine the extent of the fracture 

zone in volumes where mapping was not possible. 

2. Methodology 

To achieve the best overview a number of evenly spaced levels were studied. Old main 
levels are relatively accessible on most y-coordinates and are evenly spaced in depth. The 
levels 320, 420, 540 and 775 m were therefore initially considered for mapping. In addition 
level 740 m was included as this level showed the largest deviation for the inferred damage 
surface between the 2004 and 2012 campaigns. Due to access issues on level 540 m the 
nearby level 509 m was also included in a late stage to complement the missing areas on 
540 m.  
In order to single out specific regions for mapping on each level, previous damage mapping 
protocols for the levels 320, 420, 540 and 775 m were used. A line was drawn on each level 
following the emerging contour of the outermost previously mapped damage (it should be 
noted that some of these notes dated from the early 1990s while others from the late 2000s).  
Areas where the contour lines intersected existing drifts proceeding into the footwall were 
marked as candidates for mapping. Areas containing known large scale discontinuities where 
movement had previously been recorded were also included.  

 Areas chosen for mapping 2.1.
Level 420 m showed no significant differences between the old mapping notes and the notes 
made in 2012 in the area previously studied by Nilsson (2012b). For this reason it was 
decided that the level did not need re-mapping during this campaign and the notes from 
previous mappings were considered sufficient. On the remaining levels, areas were 
designated as described earlier and marked on mine maps, for overview see Figure 3 to 
Figure 7. Figure 3 to Figure 7 are supplied as overview only. 
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Figure 3 Level 320 m, areas bounded by red lines on the map indicate areas designated for 
damage mapping 

 
Figure 4 Level 509 m, areas bounded by red lines on the map indicate areas designated for 
damage mapping 
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Figure 5 Level 540 m, areas bounded by red lines on the map ap indicate areas designated 
for damage mapping 

 
Figure 6 Level 740 m, areas bounded by red lines on the map indicate areas designated for 
damage mapping 



 

 
 

7 

 

 

  MEDDELANDE 
Bilagor: 

 
 Datum: 

2014-03-04 
 Vår beteckning: 

 
 7 (26) 

  Ert datum: 

 
 Er beteckning: 

 
  

Handläggare │ Avd/Sektion 
Karola Mäkitaavola │ TFG 
D   +46 980 72504 
E   karola.makitaavola@lkab.com 

 

 

 
Figure 7 Level 775 m, areas bounded by red lines on the map indicate areas designated for 
damage mapping 

 Un-mappable areas 2.2.
In some areas, such as parts of level 740 m, Figure 6, damage was already mapped in the 
outermost parts of the infrastructure, see Figure 8. In these areas the position of the outer 
fracture surface cannot be explicitly determined utilizing damage mapping alone but needs to 
be interpolated between mappable points such as the areas bounded by red lines on the 
map in Figure 8.  
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Figure 8 Level 740 m at Y32-42, the area between Y34 and 40 does not allow further 
mapping 

The areas set as candidates for mapping were chosen on the sole basis of suitability for data 
quality. Access to the areas was assumed. There was an apparent risk that some areas 
would have to go unmapped due to problems to access the area due to non-stability related 
reasons. Non-stability related reasons include constructed walls, water dams or waste-filled 
drifts and roads. In fact level 540 m proved inaccessible in all areas except around Y23 thus 
level 509 m was added to the candidates to mitigate the data collection problem at this 
depth.  

3. Results 

All observations have been documented using MicroStation by LKAB. In the following 
subchapters the status of the levels are described in relation to the previous mapping notes. 
Areas marked OK showed no change compared to previous notes. 

 Level 320 m 3.1.
Activated ore parallel discontinuities were identified at Y30-33. Due to related damage the 
new contour line was moved about 60 m (X5930 to X5870) compared to the old notations.  
From roughly Y32 and southwards the level was iced and the possibility of frost damage 
must be considered. This means that the evaluation of the prevailing damage mechanism in 
this area becomes complex. The observed fallouts were predominantly blocky and followed 
local discontinuities.      

Y34 Y40 
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 Level 420 m  3.2.
A visual inspection of level 420 m was performed in 2012 (Nilsson, 2012b). The conclusion 
from that inspection was that no new significant damage was observed on the level 
compared to existing notes. The existing notes (contour line) were thus assumed up-to-date 
and used in this study as current.  

 Level 509 m  3.3.
Stope wide (discontinuity controlled) cave-ins (occurring around 1992-1995) at Y30 meant 
that the level could not be accessed in its entirety but had to be mapped as a “south” and 
“north” portion. New damage and fallouts could only be noted east of the contour line 
wherefore the line was not altered.    

 Level 540 m 3.4.
Limited access to the level resulted in that only the area Y20-24 could be mapped safely. 
Within this area no new damage was observed. The area with the newest of the previous 
mapping notes (pump room 2330 year 2001, from map notes) was at this time flooded.  

 Level 740 m 3.5.
The CA-area (~Y22-25) was in active use and any developing failures were rehabilitated. 
Damage mapping in this area could thus not be performed. In the decommissioned areas no 
new damage was observed west of the contour line except at section Y33. Between sections 
Y31 and Y34 the drifts had deteriorated markedly since the last mapping of the area 
conducted in 2002 (from map notes). The layout of the stopes facilitated mapping into the 
footwall only in a limited area between Y33 and Y44 and then only an additional 40 m 
compared to the contour line, see Figure 9, orange rectangle. Damage was observed along 
all of these 40 m but in a smaller degree as the distance from the footwall drift increased. 

 

Figure 9 Damage mapping Y31-34, new notes in red, old in blue 



 

 
 

10 

 

 

  MEDDELANDE 
Bilagor: 

 
 Datum: 

2014-03-04 
 Vår beteckning: 

 
 10 (26) 

  Ert datum: 

 
 Er beteckning: 

 
  

Handläggare │ Avd/Sektion 
Karola Mäkitaavola │ TFG 
D   +46 980 72504 
E   karola.makitaavola@lkab.com 

 

 

The volume is relatively densely intersected by drifts which have likely rendered the area 
susceptible to damage caused by stress redistribution. The observed damage was judged to 
be caused by high compressive stresses and was west of the contour line concentrated at 
pillar corners. To better judge if the damage was primarily caused by the geometry of the 
local infrastructure or a progressive footwall fracturing, continuous observation of the area 
would have been needed whilst the damage occurred.  As there were no previous notes of 
damage in the area it was not possible to determine if the damage in the area happened as 
the mining front passed (caused by mining activities) or at a later stage (footwall fracturing). 
There was a large cave-in at roughly Y3340 west of the footwall drift. The cave-in was 
characterised by large blocks and the caved-area was water-bearing. This indicated that 
local discontinuities had been a controlling factor for the cave-in and that the area had 
possibly become de-stressed at some point.  
Fallouts on level 740 m and deeper generally tended to be relatively shallow with plate-like 
blocks except for when the failures arced upwards in a church-like manner. Above level 740 
m most fallouts were blocky and could depending on the relative orientation of the local 
discontinuities run fairly deep into the rock face.  

 Level 775 m 3.6.
On level 775 three areas were perceived as being of particular interest during the mapping 
campaign. The first area was the CA-area which had previously been used as an indicator 
region for the footwall fracturing by, among others, Krekula (2004) and Nilsson (2012b), refer 
to Figure 10.  
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Figure 10 Level 775 m at Y22-25 “CA-area” with estimated fracture lines from Krekula 
(2004) and Nilsson (2012b) as well as the current mapping, new notes in red, old in blue, 
updated contour line in orange 

The CA-area was not explicitly mapped in 2012; the fracture line was instead interpolated 
using mapping notes from sections Y18 and Y28. The updated contour line corresponds to a 
much higher degree with the line reported by Krekula (2004) than the 2012 interpolated line.  
The two remaining areas of interest were singled out as the observed damage in these areas 
significantly deviated from what could be considered normal for the area. In area number two 
at Y33 several fallouts, possibly being seismically induced, were observed as marked in 
Figure 11. During mapping audible low pitch cracking was heard indicating on-going stress 
redistribution.  
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Figure 11 Area of interest number two, previously not noted fallouts, possibly seismically 
induced 

The area was re-visited in august 2013 and the fallouts were photo-documented to simplify 
follow-up. In area number three larger fallouts were observed in a cross-drift running 
between the footwall drift and the transportation drift, see Figure 12. Corresponding damage 
in the sling-drifts connecting the footwall and transportation drifts could not be observed. The 
extent of the damage in the cross-drift eastwards towards the ore contact was not confirmed 
as the purpose of the mapping campaign was to determine the westernmost extent of the 
damage. Except for in these three areas the westernmost damage observed on level 775 m 
did not deviate from earlier records.  

 

Figure 12 Area of interest number three, damaged cross-cut opposing ore pass group 44 
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4. Analysis 

 Fracture surface 4.1.
The mapping results give a relatively good idea of the position of the outer extent of the 
footwall fracturing, conceptualised as a fracture surface, where it intersects with the 
infrastructure. Interpolation between observation points on each respective level and plotting 
of the resulting contour lines helped to visualise the surface geometry, see Figure 13. 

 

Figure 13 Contour lines for the respective levels co-plotted in top-view  

Figure 13 visualises a surface that roughly follows the general dip and strike of the orebody. 
For continued analysis the contour lines of the outermost damage are assumed to 
approximate the position of the fracture surface also at the points where mapping was not 
possible. In other words, all parts of the contour line are given the same credibility regardless 
of if the point stems from direct observation or interpolation. On the basis of this assumption 
a fracture surface can be interpolated between the levels. Again the interpolation is assumed 
to accurately represent the fracture surface at points where direct observation was not 
possible. Figure 14 shows a first rough triangulated surface based on the contour lines.  
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Figure 14 Rough triangle surface based on the contour lines 

 Fracture surface analysis 4.2.
A construction plane was generated by tracing the projected edges of the contour lines at 
Y12 and Y49 on levels 320 m and 740 m using straight lines. The formed construction plane 
was a rectangular flat surface dipping 56˚ and striking parallel to the general orebody. The 
construction plane was used as a reference for setting the colour scheme of a refined 
fracture surface generated from the full contour lines. The refined fracture surface is 
henceforth referred to as simply “the fracture surface”. It was coloured red when lying east of 
the construction plane and yellow when lying west of the construction plane, see Figure 15 
and Figure 16. Figure 15 indicates that the fracture surface generally lies closer to the ore 
contact in the southern part of the mine for the examined levels.  
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Figure 15 Refined fracture surface coloured with respect the construction plane, red areas 
lies more to the east than the mean, yellow areas more west. Levels 320, 540 and 775 m as 
reference 

 

Figure 16 Profile north view of the fracture surface, levels 320, 540 and 775 as reference  
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It is clear that a reduction of the fracture surface to a simple 2D shape gives a significantly 
simplified picture of the actual surface. Using the construction plane as a colour reference for 
the full fracture surface does however produce valuable information about the relative 
behaviour in different volumes. In Figure 17 the fracture surface has been dived into 7 
sections where the behaviour with respect to the construction plane can be said to be 
homogenous within the section. Thus an arbitrary vertical profile within a section should 
capture the representative behaviour of the fracture surface within that section.    

 

Figure 17 Homogenous sectioning of the footwall with respect to the behaviour of the 
fracture surface relative the construction plane, front view from east and top view along 
the construction plane (blue) 

There has been no previous sectioning of the footwall with respect to the behaviour of the 
fracture surface. However, the footwall has been historically sectioned based on the 
orientation of the major joint sets. In comparison with the joint domain sectioning for level 795 
m presented by Rådberg (1991) a number of similarities appear, see Figure 18. For both the 
Rådberg (1991) domains and the current sections transitions are indicated roughly at Y33, 
Y39 and Y44. Section 5 in Figure 17 corresponds to domain II in Figure 18, section 6 to 
domain III and section 7 to domain IV. Note that section 7 in Figure 17 is limited to the south 
only by lack of data. 
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Figure 18 Joint set domains on level 795 m according to Rådberg (1991) 

In the northern part of the mine current sectioning and the Rådberg (1991) domains 
corresponds to a far lesser degree. The part of the footwall that was classified by Rådberg 
(1991) as one domain (domain I) can, based on the fracture surface behaviour, be sub-
divided into 4 individual sections.  

 Differences between 740 m and 775 m 4.2.1.
From the delineated fracture surface in Figure 14 one could observe a fairly linear behaviour 
with some distortions to the trends. The most noticeable distortions to the trend occur 
between levels 740 and 775 m as exemplified in Figure 19. The fracture surface seems to lay 
further into the footwall on level 775 than on level 740 m for most of the mine width in 
contrast to the trend set by the overlying levels. A slight deviation to this pattern can also be 
observed at some sections between levels 540 and 509 m but this difference is relatively 
small and could possibly in part be explained by the fact that most of level 540 was not 
explicitly mapped during this campaign.  
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Figure 19 Vertical cut of the fracture surface at Y41 with horizontal cuts of the mapped 
levels (320-775 m) 

Y41 was chosen for plotting in Figure 19 as the data used for generating the contour lines at 
this section is of relatively high quality. The reference levels used to generate the fracture 
surface are drawn in their full horizontal extent along the x-coordinate with an in-figure depth 
of 50 m (Y4075-4125). In Figure 20 and Figure 21 top views of levels 740 and 775 m have 
been plotted containing the contour lines for both levels between sections Y39 and Y44.  
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Figure 20 Level 740 m, Y39-44, light blue line represent the contour line for level 740 m 

 

 

Figure 21 Level 775m, Y39-44, orange line represents the contour line for level 775 
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 Extrapolation of the construction plane 4.3.
Due to the complex shape of the estimated failure surface extrapolation outside of the 
mapped interval (320-775 m) would be both time consuming and uncertain. The construction 
plane, despite its shortcomings, works as a simplified representation of the general dip and 
strike of the failure surface. Thus, extrapolation of the construction plane instead of the 
failure surface requires significantly less time but would still represent the trends indicated 
from the analysis.   

 Extrapolation of the construction plane towards the surface 4.3.1.
By extending the construction plane (56˚) towards the surface an indication of the expected 
position of the fracture surface on overlying levels is given as well as an expected daylight 
position. Figure 22 shows the indicated intersection between level 275 m and the 
construction plane (indicated as red line). The indicated position corresponds well with 
observed damage.  

 

Figure 22 Level 275 m, intersection with the construction plane is indicated as a straight 
red line 

Figure 23 shows the indicated intersection between level 230 m and the construction plane 
(indicated as red line). The agreement with previous mapping notes is good in the north but 
difficult to interpret in the south. The level is horizontally rotated with respect to underlying 
levels i.e. the southern parts lies more to the east, while the northern parts lie more to the 
west. This results in the construction plane being extrapolated mostly through volumes of un-
excavated rock mass making visual confirmation impossible. 
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Figure 23 Level 230 m, intersection with the construction plane is indicated as a straight 
red line 

Figure 24 shows the intersection between the construction plane and the surface, the red line 
indicates the intersection. The intersection line runs further west than surface cracks have 
been observed but still well within the current deformation monitoring lines.  

 

Figure 24 Daylight position of the construction plane, the line is crocked due to uneven 
surface features 

 Extrapolation of the construction plane towards the depths 4.3.2.
Due to the unexplained deviations between levels 740 and 775 m (break in trends) 
extrapolation of the construction plane below level 775 m was not advocated.   

  



 

 
 

22 

 

 

  MEDDELANDE 
Bilagor: 

 
 Datum: 

2014-03-04 
 Vår beteckning: 

 
 22 (26) 

  Ert datum: 

 
 Er beteckning: 

 
  

Handläggare │ Avd/Sektion 
Karola Mäkitaavola │ TFG 
D   +46 980 72504 
E   karola.makitaavola@lkab.com 

 

 

5. Conclusions  

The report has covered the methodology of selecting viable areas for damage mapping. 
Areas were selected on multiple levels to cover the full length of the mine. Mapping results 
were presented and defined as a surface approximating the outer extent of the footwall 
fracturing. The fracture surface was subsequently studied and analysed.  
 
The mapping results lead to the following conclusions: 

• The progression on the fracture surface westwards (into the footwall) does not linearly 
correspond to the mining depth. The rate of progression seems to be lower on 
shallow levels than on levels closer to the excavation level.  

• Observed fallouts seemed to be predominantly structurally controlled on levels above 
740 m.  

The analyses in this study lead to the following conclusions: 
• Interpolation between the contour lines on the studied levels resulted in a fracture 

surface dipping 55-60˚ to the east and striking parallel to the general orebody. 
• Noticeable deviations from the fracture surface trends could be observed between the 

levels 740 and 775 m. The damage on level 775 m seemed to extend further into the 
footwall than the damage on level 740 m in contrast to the trend of the above lying 
levels.  

• No singular clear failure mode could be discerned from the fracture surface. The 
geometrical shape was complex which could indicate that two or more mechanisms 
are acting in combination. 

• A damage domain sectioning of the footwall agrees well with historical sectioning of 
the wall based on major joint set in the south part of the mine. There is no clear 
agreement in North of Y33.  

• An extension a the construction plane towards the surface results in an intersection 
line with the ground surface that lies far behind where surface cracks have been 
observed but well within the current surface deformation measurement lines. The 
extension of the construction plane upwards corresponds well to previous 
observations on level 275 m. On level 230 m evaluation is complicated by to the 
relative horizontal rotation of the level. 

• The behaviour of the fracture surface should be evaluated with respect to the 
documented ore contact at each section rather than only to the general dip and strike 
of the entire orebody.  
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6. Continued work 

The fracture surface can be used as a tool for calibration of 2D/3D numerical models. The 
best calibration data still exists between Y22 and Y24 as this area has historically been the 
focus of attention resulting in good traceability of the surface over time. The CA-area (~Y22-
25) is also relatively densely populated by stopes and drifts making the volume accessible for 
damage mapping.  
The sectioning of the footwall together with geological data gives an indication of volumes 
where the rock mass properties may significantly deviate from what can be considered 
normal for the footwall (properties have been recorded mainly between Y22 and Y24).  
The updated contour lines on the respective levels give a fair indication of the position of the 
fracture surface. A monitoring/measuring system should be designed to confirm the positions 
in-situ. Similarly, the interpolation between contour lines on adjacent levels gives an 
indication of the position of the fracture surface between levels.  
The trends of the fracture surface are broken between level 740 and 775 m. Thus, an 
extension of the fracture surface downwards is not viable for calibration purposes. Additional 
levels below 775 m should be mapped to confirm or reject the break in trends.  
An extension of the construction plane upwards towards the surface shows poor agreement 
with surface observations. The reason for this should be investigated further.  
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