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ABSTRACT 
In this work a historic case involving a monitored mine drift with a rock wedge is revisited. The 
historic case is a field study of the mechanics of grouted rockbolts conducted in the Kiirunavaara mine 
between 1980 and 1983. In the drift the movement of the rock mass was recorded near the wedge, but 
the detailed behaviour of the wedge was not studied in the historic case. In the present work, the 
behaviour of the wedge is studied using field deformation measurement data and numerical analysis. 
The study was aimed at improving the understanding of wedge instability and associated deformations. 
The study shows that the behaviour of the wedge can successfully be described through evaluation of 
data obtained from field deformation measurement and numerical analysis. It was found that slip (shear 
strength reached) developed along the pre-existing joints defining the wedge. Shear deformations were 
thus non-elastic, but very small, and the wedge remained stable (no fallout). 
KEYWORDS: drift monitoring; wedge failure; field measurement; numerical analysis; 
deformation; extensometer; sliding; slip. 

INTRODUCTION 
Rock wedges are formed by intersecting discontinuities in a jointed rock mass and the free 

surface of the opening. They are volumes of rock that may fall or slide into the opening. The 
consequences of wedges falling from the roof and/or sliding from the sidewalls of an excavation may 
be significant. Sudden fallout or sliding of large wedges may injure underground staff, cause property 
damage, and interrupt the tunneling and mining activities. Wedges are the most common form of 
structural instability in drifts and access ways according to Diederichs (1999). 

The behavior of a wedge has to be investigated in order to assess the stability of an excavation 
and to be able to design the rock support system. Wedges often fall out before they can be detected 
and without chance to monitor its performance. Hence it is important to identify potential wedges and 
assess their stability during the design stage. A field study of the mechanics of grouted rockbolts was 
conducted in the Kiirunavaara mine between 1980 and 1983 (Björnfot and Stephansson, 1984). A 
section of a test drift in the mine was instrumented to study the interaction of grouted rockbolts and 
the hard rock mass subjected to mining-induced stresses. Instrumentation located near a wedge 
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recorded the movement of the rock mass. However, the movement and behaviour of the wedge was 
not described in detail. In the present work, this case was revisited. The wedge was re-evaluated with 
the aim to improve the understanding of its movement. The displacements associated with the 
movement of the wedge as monitored in the field were compared with results from numerical 
modelling and a conclusion regarding the stability of the wedge was drawn. 

 

Figure 1: Kiirunavaara mine location, Sweden. 
 

TEST SITE DESCRIPTION 

The Kiirunavaara mine 
The Kiirunavaara mine is located in the city of Kiruna in northern Sweden as shown in Figure 1. 

The mine is owned and operated by the mining company Luossavaara Kiirunavaara AB (LKAB). 
The Kiirunavaara mine is currently the world’s largest underground iron ore mine. Mining started as 
an open pit operation with a transition to underground mining in the early 1960s. Presently, 
underground mining is carried out using large-scale sublevel caving. About 28 million tonnes (Mton) 
of crude ore is currently mined annually. The magnetite orebody is about 4 kilometres long and 80 
metres thick on average. The mineralisation is known to a depth of at least 1,500 metres. It strikes 
north-south and dips 55°– 60° eastwards. Mining of the orebody is currently conducted between level 
775 m and 1045 m (Figure 2). 
 

Kiirunavaara mine

http://www.ejge.com/Index_ejge.htm


Vol. 22 [2015], Bund. 22 12311 
 

 

Figure 2: Vertical cross section showing sublevel caving in the Kiirunavaara mine (figure 
courtesy of LKAB, Kiruna, Sweden). 

 
The Kiirunavaara bedrock is volcanic Precambrian hard rock. The major tectonic joint structures 

strike north-south and east-west. Both these joint sets dip steeply to the east. The footwall comprises 
trachyte, internally (within LKAB) designated as syenite porphyry. The hangingwall consists of 
rhyolite, internally designated as quartz porphyry. Contact zones of limited width are found in both 
the hangingwall (HW) and footwall (FW). The rock mass quality is generally good for most of the 
rock units, but, locally, rock conditions vary from high-strength, brittle rock to altered, slightly 
weathered rock with clay- and chlorite-filled discontinuities (Björnfot and Stephansson (1984), 
Malmgren (2005), Sjöberg and Malmgren (2008), www.lkab.com). 

The test drift 
The test drift was located in the FW side of the orebody at the 514 m level, see Figure 2 and 

Figure 3. The drift was approximately 5.3 m high and 7.0 m wide. It was adjacent to the orebody at 
the middle of the 4 km long ore body, and about 285 m below the ground surface. The rock mass 
around the test drift consists of reddish grey, dense syenite porphyry. The most prominent geological 
structures in the test drift strike east-west and dips 50° to the south. The joints are planar and filled 
with chlorite. The joint frequency is 1.5 joints per meter and joint lengths are on average one meter, 
but sometimes exceed 9 m. Although the rock mass may be classified as coarse and blocky, there are 
still minor joints and fractures within the blocks. The area surrounding the test drift was reinforced 
with rockbolts, cable bolts and shotcrete (Björnfot and Stephansson, 1984). At the time of this trial, 
production took place between the 478 and 526 m levels and the annual production amounted to 
between 11 (in 1980) and 4 (in 1983) Mton of crude ore. 

HW FW

Orebody

Drift at 514 m level
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Figure 3: Vertical cross section of Kiirunavaara mine showing the location of the test drift. 

FIELD MEASUREMENTS AND OBSERVATIONS 

Instrumentation 
A 20 m long section of the test drift was monitored using extensometers, instrumented rockbolts 

and convergence measurement instrumentation as shown in Figure 4. The instrumentation was 
installed in ten measurement profiles (R1-R10). The spacing between the measurement profiles was 
1.5 m, see Figure 5. The majority of the instrumentation was installed before September, 1980. 
Monitoring was conducted over a period of 20 months (Björnfot and Stephansson, 1984). 
Extensometers were used to record the effect of mining on the rock mass in terms of displacement 
along the extensometer length. Extensometers with five anchors (A, B, C, D and E) were installed 
from the drift boundary with anchor A at the boundary, anchor B at 1 m, anchor C at 2 m, anchor D at 
3 m, and anchor E at 6 m distance from the boundary. The extensometers installed in measurement 
profiles R4 through R6 (according to Björnfot, 1983c) are shown in Table 1. In the present study only 
the extensometer results were considered, as these were judged to be the most reliable data set, at the 
same time as they provide a good overall representation of the rock mass movement. 

X-5975  X-5860

HW FW
Orebody

514 level [m]
Drift not to scale

Z-225

Z-659
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Figure 4: Test drift at measurement profile R5 with arrangement of instrumentation 

(extensometers, distometers, telescopic tube extensometer and instrumented rockbolts).  
Modified from Björnfot (1983c). 

 

Table 1: Extensometers installed at measurement profile R4, R5 and R6. 
Measurement profile Extensometer.  

R4 EX15, EX3 
R5 EX14, EX8, EX12, EX4, EX11, EX16Aa, EX17Db, EX10Bb 
R6 EX13, EX7, EX-xb 

aAnchor located close to the upper joint of the wedge. 
bAnchor located close to the lower joint of the wedge. 
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Figure 5: Horizontal view of the measurement profiles R1-R10 on level 514 m.  

Modified from Björnfot (1983b). 
 

Wedge in the test drift 
According to Björnfot (1983d) a large rock wedge was observed in the FW side of the test drift 

between measurement profiles R4 and R7. The cross section of the wedge at R5 and R6 is shown in 
Figure 6. Measurement profile R5 was the cross-section with the largest amount of instrumentation 
along the test drift (Björnfot and Stephansson, 1984). Joint mapping of the FW side of the drift 
detected three sets of natural joints forming the wedge (Björnfot, 1983a). The orientations and 
coordinates of these joints are presented in Table 2. Figure 7 shows an illustration of the joint 
mapping in the field. 

 

Table 2: Orientation (relative to the mine north) and coordinate for the natural joints 
(Björnfot, 1983a) forming the wedge. 

Natural joints  Strike Dip X [m] Y [m] Z [m] 
#1-upper joint 160° 30° 43.5,40.0 13.0,26.0 24.4,26.8 

#2 150° 85° 43.5,40.0 19.0,27.0 24.4,26.8 
#3-lower joint 50° 90° 43.5,43.5 15.5,15.5 24.4,21.5 
Drift orientation: trend = 12°, plunge = 0° 
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Figure 6: Measurement profiles R5 and R6 of the test drift showing a wedge in the FW 
side of the drift. *Anchors located close to the upper and lower joint of the wedge. 
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Figure 7: Joint mapping in the FW side of the drift (Björnfot, 1983a). 
 

Field displacements in connection with the wedge 
The cross section of the wedge in measurement profiles R5 and R6, formed by an upper and 

lower joint is illustrated in Figure 6. Extensometers EX16, EX17 and EX10 intersected the wedge at 
monitoring profile R5, and EX-x intersected the wedge at profile R6 (cf. Table 1 and Figure 6). The 
exact position of EX16 with respect to the upper joint is not completely clear from the drawings and 
interpretations by Björnfot (1983c). Anchor D of EX17 was within the wedge and close to the lower 
joint of the wedge. A few rockbolts intersected the wedge, but the effect of these bolts on the wedge 
stability is not known and was not discussed by Björnfot (1983d). Hence, the rockbolts were not 
considered in the present work. 

Table 3: Mining stages (cf. Figure 9) for the field measurements and local 3D model 
(Larsson, 1983). 

Mining stage Period 
ST1 June 1, 1980 – February 15, 1981 
ST2 June 1, 1980 – February 15, 1981 
ST3 February 15, 1981 – September 1, 1981 
ST4 September 1, 1981 – December 31, 1981 
ST5 January 1, 1982 – March 1, 1982. 

Displacements were recorded at five times or mining production stages (ST1-2 to ST5) according 
to Björnfot (1983c). These five stages corresponded to a summary of the mining activities between 
levels 478 m and 526 m, as presented in Table 3. Larsson (1983) summarized ST1 and ST2 as one 
mining stage only, i.e., ST1-2. Björnfot (1983c) presented displacements between anchors, i.e., A-B, 
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B-C, C-D and D-E. However, in this paper the accumulated displacement relative to the anchor E 
(i.e., E-A, E-B, E-C and E-D) was used. In the present work, displacements are positive during 
extension (or elongation) and negative for compression (or shortening) along the extensometer. In 
extension the wedge thus moves toward the boundary of the drift. 

 
Figure 8: Measured displacement with respect to mining stages for extensometers EX16, 

EX17 and EX10. 
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The accumulated displacements measured along extensometers EX16, EX17 and EX10 are 
shown in Figure 8. The mining stages are shown schematically in Figure 9. In Figure 8, all 
displacements are positive indicating that the wedge moves toward the boundary of the drift. The 
displacement of the rock mass is a decaying function of the distance, i.e., the largest deformations 
occurred at the drift boundary, as expected. The largest displacement (around 8 mm) was measured 
by EX16 (the extensometer nearest to the upper joint) for mining stages ST4 and ST5. This indicates 
that EX16 probably intersected the upper joint. There may also be other, small joints, in the rock mass 
that influenced the measured deformations. However, since the exact position of the upper joint, in 
relation to EX16, is not known, the deformations measured by EX16 were not used in the comparison 
of monitored and numerical modelling results. For EX17, the displacements at the boundary (anchor 
A) relative to anchor E increased from 1.0 mm (ST1-2) to 3.8 mm (ST5), while the relative 
displacement E-A along EX10 increased from 0.1 mm (ST1-2) to 5 mm (ST5). 

NUMERICAL MODELLING 
Approach 

Numerical modelling was conducted to analyse the behaviour of the rock mass and the wedge. A 
global model of the Kiirunavaara mine was used to calculate the stresses induced by the sublevel 
caving. The model was analysed using the two-dimensional finite element program Phase2 
(Rocscience Inc., 2009). The stresses in the global model at the position of the studied drift were 
applied to a local model. The wedge and the drift geometry is three-dimensional thus requiring a local 
3D analysis. The local model of the test drift at the 514 m level was thus analysed using the Three 
Dimensional Distinct Element Code, 3DEC (Itasca Consulting Group, 2007). 

Global model 
A homogenous, isotropic, continuous and linear-elastic rock mass was assumed for this model. 

The virgin stresses used as input to the global model were given by Sandström (2003), σH = 0.037y, 
σv = 0.029y and σh = 0.028y, where y is the depth below ground surface, σH is the maximum 
horizontal stress (oriented perpendicular to the strike of the orebody in the X-direction), σh is the 
minimum horizontal stress (oriented parallel to the orebody strike in the Z-or out-of-plane direction), 
and σv is the vertical stress in the Y-direction. The rock properties presented in Table 4 were used as 
input for the rock mass material in the model. Five mining stages as described in Section 0 were 
simulated. Smaller elements were used around the orebody and near the test drift, compared to the 
rest of the model, see Figure 9. The stresses from the global model, at each mining stage, are 
presented in Table 5. An example plot of the calculated maximum principal stress (σ1) is presented in 
Figure 10. 

Table 4: Rock properties of the Kiirunavaara mine (Malmgren and Sjöberg 2006). 
Material E [GPa] ν ρ [kg/m3] 

HW 70 0.22 2700 
Ore 65 0.25 4700 
FW 70 0.27 2800 

E = Young’s modulus, ν = Poisson’s ratio, ρ = rock mass density, HW = Hangingwall, FW = Footwall. 
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Table 5: Stresses from the global model applied to the local 3D model. 
Mining stage σx

a σy σz
b τxy σy

b σz τxz 
  Global model (Phase2) Local model (3DEC) 

ST1 15.3 5.8 10.7 4.0 10.7 5.8 4.0 
ST2 14.2 5.3 10.2 5.4 10.2 5.3 5.4 
ST3 12.6 6.5 10.1 6.4 10.1 6.5 6.4 
ST4 14.1 7.8 10.9 5.8 10.9 7.8 5.8 
ST5 14.9 7.3 11.0 8.3 11.0 7.3 8.3 

aThe same apply for both models. 
bOut-of-plane. 

 
Figure 9: Global model of the Kiirunavaara mine as modelled using Phase2, and with 

mining stages (ST1-ST5) shown. 
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Figure 10: Calculated maximum principal stresses (σ1) and stress trajectories from the global 

model for the five mining stages modelled.  
 

Local 3D model and wedge movements 
The local model was analyzed using a linear-elastic material model for the blocks/rock mass. The 

geometry of the model and the dimensions are shown in Figure 11 and Figure 12, respectively. Three 
regions (i.e., fine A, medium B and coarse C) with different discretization were created. The rock 
properties of the footwall (cf. Table 4) were used as input parameters for the rock mass in this model. 
The joints forming the wedge were modelled using a Coulomb slip model with equal peak and 
residual shear strengths (i.e., a perfectly plastic material). For the "construction joints" in the model, 
i.e., the fictitious joints, the properties were estimated according to Kulatikale et al., (1995), see Table 
6. The properties for the natural joints in the model were those presented by Malmgren and Nordlund 
(2006) and Malmgren (2008), see Table 6. Three cases were analyzed in which the values for the joint 
friction angle of the natural joints were varied (jφ = 15, 31 and 38°). The three pre-existing joints in 
the model are shown in Figure 13. Since it was not possible to determine the joint characteristics from 
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the documentation (cf. Figure 7) an assumption was made in the local model. It was assumed that all 
natural joints were continuous and persistent beyond the joint traces found from mapping, i.e., the (i) 
upper joint started at Y = 13.0 m and ended at Y = 35.0 m, (ii) joint #2 started at Y ≈ 17.0 (behind the 
FW abutment) and ended at Y = 27.0 m, and (iii) lower joint started at Y ≈ 12.5 m (roof centre) and 
ended at Y ≈ 17.0 (behind the FW abutment, intersecting the joint #2). 

Table 6: Joint properties for the local 3D model 
Material Fictitious joints Natural joints 
jc [Pa] 1.0 x 1020 0.0 
jφ [°] 50 Case 1: 31 

Case 2: 38 
Case 3: 15 

jkn [Pa/m] 6.89 x 1012 110 x 109 
jks [Pa/m] 2.76 x 1012 9 x 109 

jσt [Pa] 1.0 x 1020 0.0 
jc = joint cohesion, jφ = joint friction angle, jkn = joint normal stiffness, jks = joint shear stiffness, jσt = joint 

tensile strength. The natural joints were first given high values to avoid slip of the joints. After the model 
reached equilibrium the properties were set to the values shown in this Table. 

 
Figure 11: Drift and niche geometry. 
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Figure 12: Geometry and local 3D model of the test drift. 

 
Figure 13: (a) Vertical, and (b) horizontal view of the natural joints in the local model. 
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Figure 14: Indicator for joint slip in cases 1, 2 and 3 in mining stage ST5. 

 
Figure 15: Displacement with respect to mining stages for EX17 and EX10 for case 3 

 (jφ = 15°). 
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As shown in Figure 14, slip (meaning that the shear strength is reached) along the three joints 
forming the wedge occurred for all three modelled cases. The largest area of slip occurred for case 3 
(with the lowest joint friction angle jφ = 15°), which was as expected. However, slip did not occur 
along the lower joint in case 1 and 2. In case 3, the lower joint showed the smallest slip area among 
the three joints. 

Accumulated displacements were calculated for case 3 (jφ = 15°) at the same position as the 
installed field extensometers in measurement profile R5. For EX17 and EX10 the calculated 
displacements with respect to all mining stages are shown in Figure 15. The displacements were 
positive, thus indicating that the wedge is moving toward the drift boundary. However, while the 
deformations were plastic (non-elastic) the magnitude was very small and the wedge was stable, 
meaning that no fallout occurred. 

Field and local 3D model comparison 
In Sections 0 and 0 deformation data from measurement in the field and local 3D model, as well 

as a slip analysis of the joints in the 3D model was presented. Table 7 shows a comparison of the 
results from the field measurements (Figure 8) and the 3D model (Figure 14 (case 3 only) and Figure 
15). It is important to note that joint #2 does not intersect the studied measurement profile R5. 

Table 7: Field and local 3D model (case 3 with jφ = 15°) comparison. 

Joint Field Local 3D model 
 Accum. displacement  

(Figure 8) 
Accum. displacement 

(Figure 15) 
Slip indicator (Figure 

14, case 3 only) 
#1-upper Slide NAa Slip 

#2 NAb NAb Slip 
#3-lower Slide Slide Slip 

aDeformations were not measured along EX16 in the local model. 
bJoint #2 does not intersect the studied measurement profile R5. 

The field data showed that shear displacement took place along both the upper and lower joints. 
The upper joint showed the largest displacement among the three joints which was observed from the 
measurements by EX16. The calculated deformations from the 3D model showed that shear 
displacement also took place along the lower joint and the wedge moved towards the opening. Slip 
along all three joints was indicated for case 3. In the other two cases slip could not be interpreted for 
the lower joint 

The calculated displacements were non-elastic and it is likely that this was the case also for the 
measured displacements, although that cannot be proven. In any case, the shear deformations were 
relatively small and not large enough to cause the wedge to fall out; hence, the wedge is interpreted as 
being stable. 

Pérez Hidalgo and Nordlund (2011) carried out a two-dimensional analysis of the wedge at in 
monitoring profile R5 using the Universal Distinct Element Code (UDEC). The 2D analysis showed 
that elastic shear deformation took place along the upper joint. A three-dimensional analysis such as 
that conducted in this work using 3DEC consider the influence of joint #2, as well as the effect of the 
real geometry of the drift. 
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Figure 16: Major and minor principal stress, and displacement vectors in the local 2D model 

for case 3 (jφ = 15°). 
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Some additional un-published results from the UDEC analyses presented in Pérez Hidalgo and 
Nordlund (2011) are shown in Figure 16. These results are based on models without rockbolts since 
the 3DEC analyses showed that the rockbolts were not necessary for the stability of the wedge. Two 
alternative scenarios are presented — one with the pre-existing joints, and one in which the rock mass 
was modelled as a continuum (no joints). The major and minor principal stresses and the calculated 
displacements for the two cases are shown in Figure 16. As evident, there are no major differences 
between the two models, and the stress state around the drift is, in general, similar in the two models. 
However, for the continuum case, the displacements are more evenly distributed than in the 
discontinuum model, i.e., also in the rock surrounding the wedge. These findings indicate that the 
position of the wedge in the studied case made it behave in another way than if it had been located 
elsewhere, which is due to the inclination of the stress field caused by the mining induced stresses. 

The field measurement plots showed that the displacements were a decaying function of the 
distance. This was not observed in the 3D modelling results as shown in Figure 15. The pattern 
presented in this figure was difficult to interpret. There are at least two explanations to the difference 
between the monitored deformations and those obtained from numerical analyses: (i) the exact shape 
of the wedge was not known and it was assumed that all joints were continuous and persistent beyond 
the joint traces found from mapping, which could not be verified from the documentation and (ii) the 
joint stiffnesses were also assumed, as no information was available about the real values. This is a 
common problem for most numerical analyses and not unique for the model in this article. 

The small displacements found from the numerical model further showed that the rockbolts may 
not have been required for keeping the stability of the wedge. 
 

CONCLUSION 
Based on the work presented in this paper, the following conclusions can be drawn:  

– The behaviour of the wedge was successfully described through evaluation of the field 
measurement and the 3D model. 

– The movement of the wedge was plastic (non-elastic) and less than 8 mm. 

– The wedge slipped in a stable manner in the 3D model. 

– The rockbolts were not necessary for keeping the stability of the wedge. 

The present work provided valuable information about the behaviour of the wedge in terms of the 
movement pattern and displacement magnitude. The behaviour of the wedge described by 
displacement-distance curves presented in this work may be used for analysis of wedge stability in 
underground excavations of jointed rock masses. Extensometers and numerical analysis are good 
tools for monitoring wedge deformation. 
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