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Abstract 

Seven large scale dynamic test of rock support that were conducted at LKAB Kiirunavaara 
mine. In this paper, the numerical analysis of the Tests 2, 4, and 6 are presented. The aim was 
to study the behaviour and response of the opening and the rock support to the dynamic loading 
generated by nearby blast numerically. A combination of two numerical methods, including the 
discontinuum based code UDEC and the finite element code LS-DYNA, was used to 
numerically analyse the tests. The LS-DYNA model was used to calculate the dynamic input 
around the crushed zone boundary which was then applied in the UDEC model.  The numerical 
analysis of Tests 2 and 4 showed that slightly smaller burden, higher charge concentration, and 
the presence of one more joint set in the burden were the main reasons for the difference in type 
of damage observed in Test 4 compare to that in Test 2. The numerical analysis of Test 6 
reported in this paper together with the evidences from the field tests showed that damage to 
the rock is mainly concentrated around the blasthole and in proximity of the opening. The rock 
between these two areas was not damaged. It was concluded that the improved design used in 
Test 6 has reduced the yielded zones in the burden and as a result, the complete collapse of the 
burden was avoided.  

Sammanfattning 

Sju storskaliga dynamiska tester av bergförstärkning utfördes i LKABs Kiirunavaaragruva. I 
denna artikel presenteras redovisas de numeriska analyserna av Test 2, 4, and 6. Målet med 
arbetat var att studera bergets och bergförstärkningens respons på den seismiska vågen som 
genererats med hjälp av sprängning. En kombination av två program användes vi simuleringen 
LS-DYNA som är ett finita elementprogram och UDEC som är ett diskretelementprogram. Med 
hjälp av LS-DYNA beräknades den krossade zonen (CZB) som bildas runt sprängborrhålet. 
Dessutom beräknades partikelhastigheten som funktion av tiden för denna rand. Detta användes 
som ett internt randvillkor i UDEC. Den numeriska analysen indikerade att skillnaden mellan 
Test 2 och 4 i princip var en något mindre försättning, en något starkare laddning samt olika 
geologiska struktur i Test 4. De numeriska analyserna som rapporteras i denna artikel av Test 

© 2018 Svenska Bergteknikföreningen och författare /Swedish Rock Engineering Association and authors

Bergmekanikdagen 2018

https://www.google.se/search?rlz=1C1VEAE_enSE564SE564&q=Sammanfattning&spell=1&sa=X&ved=0ahUKEwin58vRofXYAhUHhqYKHVy0DDEQkeECCCMoAA


6 visade tillsammans med fälttesterna att skadorna på berget koncentrerades till närmast 
sprängborrhålet och i väggen närmast ytan. En stor volym av berg däremellan var i princip 
oskadd. Slutsatsen var att testmetoden fungerade i Test 6 samt att den dynamiska 
bergförstärkningen klarade av de dynamiska lasterna. 

1 Introduction 

A series of large scale tests of rock support, Tests 1 to 7 was conducted at the LKAB 
Kiirunavaara mine (Shirzadegan et al. 2016a). The design of Tests 1 to 5, aimed to design the 
burden and the charge to generate a wave which could exceed the bearing capacity of the rock 
mass and rock support system. However, the field tests results showed that with almost the 
same burden sometimes only a few cracks in the shotcrete was observed (Test 1 and 2) and in 
other tests severe damage and ejection to the tested wall occurred (Tests 4 and 5). Based on 
these findings and according to the numerical analyses by Zhang et al. (2013) the design was 
improved by and used in Test 6. The field test results (including created damage) from Test 6 
showed that the new blast design was successful to mimic a semi-planar wave front similar to 
that from a real seismic event and avoiding severe damage to the burden (Shirzadegan et al 
2016b).  

In order to improve the understanding of the interaction of rock and rock support and the 
performance of the rock support under dynamic loading conditions, numerical analyses of Tests 
1-7 were carried out. Furthermore, it was aimed to find out the reason for the difference in type 
of damage developed in the burden in Tests 1 and 2 compare to that in Tests 4 and 5, and 
investigate the improvement of the design in Test 6. For this purpose, a summary of the 
numerical analysis results of Tests 2, 4, and 6 are presented in this paper. In order to develop 
the numerical models, a combination of the finite element code LS-DYNA and the distinct 
element code UDEC was used. These analyses considered a number of factors. This included 
the effect of geological structures, rock support, and blasthole and charge geometry. Moreover, 
the effect of material damping was also investigated. In this paper, the results from the 
numerical analyses are compared to the data obtained from field tests in terms of velocity versus 
time and displacement versus time graphs to investigate the accuracy of the simulated models.  

2 Review of Large scale field tests 

In Tests 1-5, the blastholes were drilled parallel to the cross-cut from the adjacent footwall drift 
The average burden (the distance between the blastholes and the test walls) in Tests 1-5 varied 
between 2.8 and 3.9 m. Except in Test 4, two different charge diameters, were used to reduce 
the number of trials, i.e., the effect of two different blast loads could be investigated in each 
test. The blastholes were charged with NSP711. A large number of accelerometers were 
installed and distributed over the test walls in Tests 1 and 2 and in Test 5 a few accelerometers 
were used to record the vibration level of the tested walls. The results from field Test 1-5 were 
described in detail by Shirzadegan et al.(Shirzadegan et al. 2016a)  

Tests 6 and 7 were performed in the pillar between the cross-cuts 100 (right/southern wall) and 
103 (left/northern wall) in block 9 at mining level 741 m. Two blastholes were drilled in the 
middle of the pillar. The average distance from the blastholes to the test wall in cross-cuts 100 

© 2018 Svenska Bergteknikföreningen och författare /Swedish Rock Engineering Association and authors

Bergmekanikdagen 2018



and 103 were 8.9 and 7.7 m, respectively. The results from field Test 6 were described in detail 
by Shirzadegan et al. (2016b). 

In Tests 1-5 and in Test 6 and 7 (only cross-cut 100), the test wall was supported by a dynamic 
rock support system comprising 100 mm fibre reinforced shotcrete (40 kg /m3 steel fibre), 75 
mm × 75 mm weld mesh with 5.5 mm diameter and Swellex Mn24 rockbolts in a 1 m × 1 m 
pattern. The length of the supported wall was 20 m. The test wall in cross-cut 103, was only 
supported by the plain shotcrete. The plain shotcrete in cross-cut 103 was sprayed during the 
development. Therefore, the test wall in cross-cut 103 was assumed to be unsupported 
considering the deterioration of the shotcrete (the worst case).  

3 UDEC – LSDYNA model   

The numerical analysis of Tests 2, 4, and 6 are presented in this paper. A combination of two 
numerical methods, including the discontinuum based code UDEC and the finite element code 
LS-DYNA, was used to numerically analyse the tests. The LS-DYNA model was used to 
calculate the particle velocity of the crushed boundary around the blasthole. This velocity data 
was used as a internal boundary condition in the UDEC model. The geological conditions of 
the test site and the installed rock support were considered in the UDEC model. 

LS-DYNA is a commercially available multi-purpose explicit and implicit finite-element code, 
which can be used to analyse the nonlinear response of structures to dynamic loading (Hallquist 
2006). In this study, the LS-DYNA-model featured a 10 m explosive column with the diameter 
120 mm in a 20 m long blasthole. The diameter of the blasthole was 152 mm. The detonation 
process was simulated by a three-dimensional cylinder model with the length of 25 m and 
diameter of 20 m. Non‐reflecting (i.e. viscous) boundaries were introduced around the outer 
perimeter of the domain to eliminate wave reflections. LS-DYNA uses an explosive material 
model combined with the Jones-Wilkins-Lee (JWL) equation of state to describe the detonation 
of explosive. In LS-DYNA the diameter of the crushed zone created around the blasthole was 
identified and the velocity-time calculated on this boundary was identified and used in UDEC 
as internal boundary condition around the modelled CZB. 

The model constructed in UDEC was 80 m × 80 m and included cross-cuts and the crushed 
zone boundary (CZB). The width and height of cross-cuts, were 7 m and 5.2 m. The burdens 
and CZB diameters in Tests 2, 4 and 6 are specified in Fig 1.  
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c) 

 

Fig 1 Simulated model in UDEC a) Test 2, b) Test 4, and c) Test 6 

The orientation of the  major joint sets defined in the models are according to the data listed in 
Table 1, and the joints and the rock material properties were according to the data presented in 
Table 2 and Table 3. 

Table 1 Major joint sets modelled in the UDEC 
Test Set Dip (°) δ (°) β (°) α (°) Spacing (m) 

2 1 55 – 80  67.5 86 67.5 0.5 – 2  

4 1 50 – 80  65 81 64 0.5 – 2 
3 70 – 90  80 70 79.5 0.5 – 2 

6 
1 50-80 65 88 65 1-3 
2a 65-90 77.5 12 42 1-3 
3a 60-90 75 39 66 1-3 
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Table 2 Mechanical properties of the discontinuities (Malmgren and Nordlund 2006) 
𝜙𝜙 (°) c (MPa) σt  (MPa) kn (GPa/m) ks (GPa/m) 

35 0.5  0.5 110  9  

Table 3 Intact rock properties used in the numerical analysis (Malmgren 2008; Malmgren 
and Nordlund 2008; Brandshaug 2009) 

Density ρ 
(kg/m3) 

Young’s 
modulus E 

(GPa) 

Cohesion c  
(MPa) 

Friction 
angle ϕ (°) 

Tensile 
strength σt 

(MPa) 

Poisson’s 
ratio ν 

UCS 
(MPa) 

2800 70 31 61 16.5 0.27 267 

According to Kuhlemeyer and Lysmer (1973), the mesh ratio (a ratio of the maximum element 
length to the wave length) should be smaller than 1/8-1/12 to ensure numerical accuracy of 
wave propagation problems. According to Deng et al. (2015), at least three layers of zones 
should lie between the adjacent joints to balance between computational accuracy and 
efficiency. For this purpose, the zone edge length is set to 0.2 m to have at least five layers of 
zones between adjacent joints. Non‐reflecting (i.e. viscous) boundaries were introduced around 
the outer perimeter of the domain to eliminate wave reflections.  

4 Numerical analysis results 

Since the exact joint spacing within each set was not available, models with different joint 
spacings were analysed. Table 1 summarizes the analysed models and their corresponding joint 
spacing. The models were analysed once considering 2% material damping and once without 
material damping. In previous studies combining LS-DYNA and UDEC or AUTODYN and 
UDEC, PPV was used to check the accuracy of the numerical models. This was done by 
comparing the numerically calculated PPVs to those measured in the field. Examples are the 
studies conducted by Deng et al. (2015), and Wang et al. (2009). However, in the present study 
it was observed that PPV alone could not be used to determine how well the models mimicked 
the real behaviour. Therefore velocity-time graphs calculated in these models together with 
their associated field tests presented in Fig 2 are used to check the accuracy of the numerical 
models.  

Table 1 Joint spacing scenarios used to develop the numerical model of the Test 6 

Test Number of 
joint sets Model  Spacing in Set 

1 /m 
Spacing in Set 

2 /m 
Spacing in Set 

3 /m 

2 1 
1 0.6 --- --- 
2 1 --- --- 
3 2 --- --- 

4 2 
1 0.6 0.6 --- 
2 1 1 --- 
3 2 2 --- 

6 3 

S1 1 1 1 
S2 2 2 2 
S3 3 3 3 
S4 1 2 2 
S5 1 3 3 
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As it can be observed in Fig 2a, that the result from model 1 is most similar to that recorded by 
A9. The velocity calculated by models 2 and 3 was somewhat lower and the duration was 
shorter than that calculated by model 1. Therefore it was concluded that model 1 with 0.6 m 
joint spacing had provided results closest to the field Test 2. Model 1 was analysed one more 
time, by considering material damping. The calculated velocity from the model with damping 
is presented in Fig 2b. The curve calculated by the model with damping showed lower peak 
particle velocity and less noise than the models with damping. Similar process was repeated for 
Tests 4 (and 5) and it was concluded that model 1 with 0.6 m joint spacing provides results 
closest to the field tests.  

The velocity-time graph recorded during field Test 6 in cross-cuts 100 and those from UDEC 
models S2 and S4 are presented in Fig 2c (models without damping), and Fig 2d (models with 
damping). In Fig 2c, the field graphs fall between the UDEC models S2 and S4, and the trend 
of the graphs are similar. Fig 2d, shows the results from the UDEC models that were considering 
damping and those measured in the field at the middle of the wall in cross-cut 100. The PPVs 
in the models that included damping were slightly decreased. Furthermore, the velocity-time 
graphs obtained from the models with damping contain less noise and had shorter duration than 
those from the models without damping. It was also closer to the particle velocities measured 
in the field tests. 

The field test velocity-time graphs in Fig 2 showed that, upon the arrival of the stress wave to 
the test wall, the particle velocity increases to a peak value, and then remains at a peak state for 
a duration of up to 5.0 – 7.5 ms. It is also evident that for some of the graphs the peak occurs in 
the beginning while for some accelerometers, e.g. A8, A11 and A13 in Test 2, there are several 
peaks. Therefore, it can be questioned if the peak values from different accelerometers can be 
compared. The curves calculated by the models with damping showed lower peak particle 
velocity and less noise than the models with damping. 

a) b) 
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c) d) 

  

Fig 2 Velocity-time comparison between UDEC and field measurements in a) Test 2 
without damping, b) Test 2 with damping c) Test 6 without damping and d) Test 6 
with damping 

5 Developed damage in the burden 

Before studying the developed damage in the burden, the displacement calculated by the UDEC 
models with and without damping were compared to those obtained in the field. It was observed 
that, in Test 2 (with shorter burden), the displacements calculated in numerical models without 
damping were in line with those measured in the field. In Test 6 (with larger burden), the 
displacements from the models with damping were in line to field measurements. Therefore, in 
order to study the failure mechanism in the burden, plots from the models without damping in 
Test 2, and with damping in Test 6 are studied. 

Fig 3 shows the failure developed in the burden in Tests 2, 4, and 6. The zones yielded in tension 
in the burden can be used as indicators of the location of the created radial fractures in the 
burden after the blast. The yielding developed in the burden can be divided into three areas (i) 
around the CZB, (ii) in the middle of the burden, and (iii) in the wall of the cross-cut. In Tests 
2 and 4 it can be observed that the zones yielding in tension propagated from the CZB outward 
in all directions. However, the main difference among the tests was in the middle of the burden 
where the area yielded in tension developed differently in different models. In the models of 
Test 2, a thin layer of zones yielded in tension can be observed in the middle of burden. The 
yielded area is not as extensive as in Tests 4. In Tests 4, the tensile yielding area starting from 
the CZB and extending toward the wall surfaces dominated the failure of the burden. In the 
model of Test 4, most of the zones in the burden yielded in tension. In the model of Tests 4, the 
separation of wedges which were formed close to the surface opening, is clear. However, the 
depth of the ejection is more limited than that observed in the field (where the whole burden 
was ejected). 

In numerical analysis of Test 6, the plastic state plots around cross-cuts 100 and 103 indicating 
to the zones yielded in tension in the burden are presented in Fig 3c, d. The extension of the 
tensile yielding area is more pronounced towards cross-cut 103 (2.3 m) than towards cross-cut 
100 (1.3 m). This could be due to the orientation of the joint sets around the CZB and the 
intersecting angle of the joint sets in that region. In the section of the burden denoted (2), almost 
no yielding occur or has occurred in the past (Fig 3c, d). The result from model S4 indicates 

© 2018 Svenska Bergteknikföreningen och författare /Swedish Rock Engineering Association and authors

Bergmekanikdagen 2018



that radial cracks are not developed in the mid part of the burden. In section (3), close to the 
wall of cross—cut 100 in model S4, zones yielded in tension are concentrated at the bottom 
corner and cannot be observed at any other height of the wall. In cross-cut 103, except the 
highlighted block which was separated from its surrounding host rock, the tensile yielding zones 
can be observed at the wall – floor contact as well at some other local points along the height 
of the wall. The developed damage in the burden was in line to field Test 6 results reported by 
Shirzadegan et al. (2016b).  

In field Test 6, damage to the test wall was limited to propagation of cracks on the surface of 
shotcrete and the depth of damage behind the test wall was up to 60 cm. In cross-cut 103, the 
depth of ejection from the test wall was up to 80 cm. the measured depth of damage in cross-
cut 100 and the depth of ejection in cross-cut 103 in numerical analysis of Test 6 were slightly 
large compare to field measurements (Fig 3c, d). 

  a)  b)  

  

c)  d)  

  

© 2018 Svenska Bergteknikföreningen och författare /Swedish Rock Engineering Association and authors

Bergmekanikdagen 2018



Fig 3 Failure developed in the burden of the simulated models a) Test 2, b) Test 4, c) Test 6 
cross-cut 100 and d) Test 6 Cross-cut 103 

6 Discussion 

The numerical analysis of Test 2 provided answers to the questions raised after performing the 
field test. During Test 2, no rock ejection occurred from the wall of the cross-cut and the level 
of damage to the test wall and support system was minimal. Nevertheless, high PPVs were 
measured on the surface of the test walls. The reason suggested by the numerical analysis of 
Test 2 was the presence of only one major joint set in the burden i.e. critical wedges could not 
be formed in the models of the test walls. This means that, the stress wave energy transferred 
to the tests wall was consumed by generating new fractures in the rock mass, and the rest was 
either absorbed by the rock support system or reflected back into the rock mass. 

The numerical analysis of Test 4 showed that an extensive area of the burden yielded in tension. 
The yielded zones developed from the CZB toward the surface of the opening. The zones 
yielded in tension in the burden can be interpreted as the location of the radial fractures created 
by the blast. These fractures were caused by the tangential tensile stress induced by the incident 
wave. The numerical model of Test 4 also show that waves caused opening of the joints in the 
burden. This together with the tensile yielding of the blocks indicate that the whole burden was 
severely damaged by the wave loading resulting in a significantly reduced strength. Therefore, 
due to a smaller burden in Test 4, and higher amount of explosives, the gas expansion was able 
to eject the remaining portion of the burden. The difference in behavior of Test 2 and Test 4 
can therefore be attributed to the difference in burden, charge and structural geology. 

The design of Test 6 aimed at avoiding the development of radial cracks that propagate from 
the blasthole the whole way to the test wall surface. This aim was achieved since no such radial 
fractures can be observed in the UDEC models. The development of the zones yielding in 
tension was limited to the areas around the blasthole, and in the rock close to the surface of the 
tested wall. The results show that the increased burden has effectively minimized the area 
yielding in tension (propagated radial cracks) in the middle section of the burden. The 
explanation to this is firstly, that the increased burden has resulted in more geometrical 
attenuation (compared to that in Tests 1 to 5) during its propagation from the blasthole to the 
tested walls. Consequently, in the middle section of the burden, the induced tangential stresses 
did not exceed the tensile strength of the rock mass. Therefore, the areas of tensile yielding 
caused by the incident wave did not develop. Secondly, the energy carried by the reflected wave 
was absorbed by fracturing of the rock (tensile yielding zones), displacement along 
discontinuities, stretching of the rockbolts, and fracturing of the shotcrete in cross-cut 100. The 
reflected wave from the surface of the opening was therefore attenuated before reaching to the 
mid-section of the burden in Test 6. As a result, the number of tensile yielding zones caused by 
the reflected wave were fewer, i.e., no formation of radial cracks in the burden avoiding the 
creation of the wedge shaped volume and complete damage of the burden. 

7 Conclusion 

The important conclusions of the numerical analysis of the tests were:  
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• The main difference in behaviour between Test 2 and Test 4, is the difference in the 
structural geology. The presence of two or more joint sets in the burden means that the 
waves do not have to create new fractures through intact rock, and there will be a larger 
number of joints that could serve as releasing surfaces. Therefore more wave energy 
will be available to break the necessary intact rock bridges and provide a path for gas to 
penetrate into the burden. This can lead to full ejection. 

• The developed damage in the burden and on the surface of the wall showed that the 
increased burden in Test 6 assisted in reducing the areas of tensile yielding and opening 
of joints in the burden and as a result, complete damage of the burden was avoided. The 
zones yielded in tension were only concentrated around the blasthole and close to the 
surface of the cross-cut. 

• The models of Test 6 considering material damping calculated results which are closer 
to those measured in the field than the models without damping. This can be due to the 
large burden, around 8.5 m in Test 6, with a long propagation path through rock, and 
less damage to the rock mass in the burden leading to less energy absorption through 
yielding of rock material and opening of joints. 

• The size and extension of the formed rock blocks/ critical wedges control the depth of 
damage behind the test wall. This was one of the sources of difference between the 
developed failure zone (depth of damage) measured in the field and calculated by 
UDEC. In Test 6, the extension of the yielded zones in the supported cross-cut, and the 
ejection thickness in the unsupported cross-cut was controlled by the orientation of the 
geological structures and the shape of the formed rock blocks and the wedges close to 
the surface of the cross-cut.  
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