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Abstract A series of five large scale dynamic tests were
conducted at the LKAB Kiirunavaara mine using explo-
sives to generate the dynamic load on the support system.
This was done with the aim of developing a testing
methodology for in situ testing of ground support. Fur-
thermore, the response of the installed rock support system
to strong dynamic loading was evaluated. The tests inclu-
ded ground motion measurements, fracture investigation,
ground and support motion imaging, as well as deformation
measurements. The results indicated that the relation
between the burden and the used amount of explosive had a
vital role in either reducing or involving the effect of the
detonation gases in the test results. In addition, the type of
explosive which was used in the tests had a great impact on
minimising the gas expansion effects. Higher peak particle
velocities were measured compared to those of similar
large scale tests carried out in other countries. However,
the level of induced damage was limited to a fractured zone
behind the support system and propagation of cracks in the
shotcrete. Measured peak particle velocities were used to
calculate the kinetic energy transmitted to the fractured
zone of the test wall. The energy absorption by the Swel-
lex, reinforced shotcrete and weld mesh was estimated by
measuring the elongation/deflection of the support ele-
ments and relating these measurements to previously
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conducted laboratory tests. The comparison of maximum
estimated energy absorbed by support system with the
maximum estimated kinetic energy indicated that as the
support system is still functional, the energy is partly
reflected back to the surrounding rock. The results of the
measurements in Tests 1, 2, 4 and 5 are presented in this
paper and the methodology used to design the tests is
discussed.
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List of Symbols

A;  Accelerometers identity (-)

D Dimension (-)

dc  Charge diameter (mm)

dc;  Charge diameter (located in the middle of blasthole)
(mm)

dc> Charge diameter (located at the end of blasthole)
(mm)

E  Energy (kJ/m?%

G;  Gas pressure sensor identity (—)

1 Observation borehole identity (-)

Ja Joint alteration number (-)

J: Joint roughness number (-)

My, Local magnitude (-)

0 Quality of the rock mass (-)

Rc Nominal reflection coefficient (-)

T; Coacxial cable identity (-)

t Depth of failure (m)

v Particle velocity (m/s)

Z Input impedance (ohm)

Z,  Output impedance (ohm)

o Rock mass density (kg/m®)
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1 Introduction

The problems induced by seismic events have necessitated
implementing remedies to mitigate the associated seis-
micity risks. Three measures that can reduce the seismicity
risks are described as reducing exposure of personnel,
changes to mine design, layout and extraction sequences,
and using dynamically strong ground support systems
(Potvin et al. 2010). However, using ground support sys-
tems which are capable of withstanding strong dynamic
loads to minimise the associated damages and increase the
safety at the work site has been shown to be most
favourable.

The conventional design approach of rock support
essentially consists of (1) the identification of potential
failure modes and (2) a comparison of the available
capacity with the driving force/demand (including dynamic
components). By calculating the factor of safety or the
probability of failure, the demand on the rock support can
be estimated. Unfortunately, it has been concluded that it is
impossible to design support systems under seismic loading
conditions by using this approach, since neither the demand
on a support system nor the capacity of a support system
can be satisfactorily defined (Stacey 2012).

To quantify the performance of the rock support systems
suitable for dynamic loading conditions, four main types of
dynamic tests are considered including simulated large
scale experiments by means of blasting, drop test facilities
that apply an impact load on the reinforcement, laboratory
tests applying dynamic loads on core samples, and passive
monitoring and back analysis of case studies (Hadjigeor-
giou and Potvin 2008).

This paper focuses on to develop an in situ testing
method for rock support, i.e., to determine the dynamic
load that causes failure to the test wall and/or support
system, and to evaluate the performance of rock support
systems under strong dynamic load. A number of in situ
tests have been carried out in the past. Examples are (1) a
number of simulated rockburst experiments which were
carried out in underground mines in Western Australian
(Heal et al. 2005; Heal and Potvin 2007; Heal 2010). The
tests aimed to assess the performance of complete ground
support systems in situ when subjected to strong ground
motion. (2) Andrieux et al. (2005) conducted large scale
tests at the Fraser Nickel Mine aiming to investigate the
effects of a large rockburst that would occur in the vicinity
of a drift supported by three different ground support
systems, and in particular to assess whether or not the thin
spray-on liner system has the potential to be successfully
used under rockbursting conditions. (3) Ansell (2004)
carried out in situ tests in which shotcrete panels were
exposed to vibrations from explosive charges detonated
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inside the rock mass aiming to investigate the growth of the
compressive strength and also to determine the final com-
pressive and adhesive strengths of shotcrete, (4) Archibald
et al. (2003) conducted a series of tests of the liner support
system and investigated the use of spray-on rock lining in
mitigating rockburst damage using blasting as the dynamic
load. (5) Espley et al. (2002) carried out large scale tests at
175 Orebody research facility aiming at assessing the
response of the surface support systems (thin spray-on
liners and shotcrete) under blast-induced dynamic loads
and in seismic related environments. (6) Hagan et al.
(2001) conducted large scale tests in South Africa which
aimed at improving mine worker safety through an
improved understanding of the mine excavation site
response to seismicity. The study comprised the experi-
ment and numerical modelling (Hildyard and Milev 2001a,
b) to mimic a seismic source by means of a blast, near and
far field seismic monitoring (Milev et al. 2001), high-speed
video filming to derive the ejection velocities (Rorke and
Milev 1999), a study of rock mass conditions (fractures,
joints, rock strength, etc.) before and after the blast to
estimate the extent and type of damage brought about by
strong ground motion (Reddy and Spottiswoode 2001) and
evaluation of the support performance under dynamic
loading (Haile and Le Bron 2001). (7) Tannant et al.
(1994a) carried out simulated rockburst tests in the Bous-
quet #2 Mine in Canada to assess the performance of a
range of ground support systems under dynamic loading,
but in particular, to compare the performance of shotcrete
and mesh to fibre-reinforced shotcrete. (8) Tannant et al.
(1994b) conducted tests in the CANMET Experimental
Mine in Canada with the aim to investigate the response of
rockbolts to nearby blasts using three strain gauged stan-
dard end-anchored mechanical rock bolts, and (9) Ortlepp
(1969, 1992) carried out large scale tests to compare the
performance of conventional and yielding rockbolts in situ.
Despite the difficulties and uncertainties with simulated
seismic event tests, the method still provides the greatest
validity as a significant test of rockburst support capabili-
ties, even though it does not simulate a rockburst (Stacey
2012).

Within the framework of a research programme focused
on deep mining problems at Luled University of Technol-
ogy, in situ dynamic testing of rock support using blasting
as the seismic source was conducted in the Kiirunavaara
underground mine, owned and operated by Luossavaara
Kiirunavaara Aktiebolag (LKAB). The main purpose of the
tests was to develop a large scale in situ testing method for
evaluating rock support performance. This was done by
exposing the rock support system to seismic waves gen-
erated by blasting and with different levels of energy. One
issue specifically addressed when designing the large scale
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dynamic tests was to minimise the destructive effects of the
expansion of gases generated by the blast. Therefore, the
effect of gas pressure was monitored to investigate the
contribution of damage from the gas expansion on the test
results, and if possible rock ejection and obtaining quan-
titative data for modelling. Different techniques (details
described in Sect. 3.2) were applied to estimate the surface
velocity and deformation, the gas pressure in the burden
and the development of damage such as new fractures and/
or separation/sliding along pre-existing joints inside the
pillar. Collected field data and damage mapping were used
to evaluate the effect of different charge concentrations on
the test wall and support system. Based on collected data,
kinetic energy transmitted to the fractured zone of the test
wall and the energy absorbed by the support elements and
surface support was estimated and the results were com-
pared and discussed.

2 Test Site Description

The Kiirunavaara mine in the northern part of Sweden is an
iron ore mine with an ore body that strikes nearly North—
South and dips 60° to the East. It is about 4 km long and
has an average thickness of 80 m. The mining method used
in the Kiirunavaara mine is large scale sublevel caving.
The footwall mainly consists of Precambrian aged
trachyandesite internally denoted as syenite porphyry. The
hanging wall consists of rhyolite, internally denoted as
quartz porphyry. The main iron ore consists of magnetite
that lies between the syenite porphyries and the quartz
bearing porphyries (Malmgren 2005).

Fig. 1 Cross-cuts 93 and 95,
site for Tests 1-5 [extracted
from the database of
underground mapping at LKAB
(Andersson 2010)]

Y9

X60

Adjacent pillars between the cross-cuts 93 and 95 in the
completed production block 9 on the 741 m level were
chosen for the tests 1-5. All of the tests were planned to be
conducted at the chosen site because (1) no mining activity
was taking place at that level, (2) the pillars were only
shotcreted (3) many cross-cuts with similar rock mass
conditions were available for further tests and (4) com-
prehensive geological investigations had been done in the
area. The width of the pillars was approximately 18 m and
the cross-cuts were about 7 m wide and 5.2 m high.
According to Andersson (2010), the rock types in the test
area have traditionally been referred to as syenite por-
phyries, including a nodular variety (Geijer 1910), mainly
consisting of trachytes to trachyandesites (Ekstrom and
Ekstrom 1997) of variable character and degree of alter-
ation. Figure 1 illustrates the location and rock types in
cross-cuts 93 and 95, where tests 1-5 were carried out.

The rock mass in the area was very blocky and the
geological strength index (GSI) values were estimated to
lie mostly within the range of 40-50, with joint quality
from good to acceptable (Andersson 2010). However, the
southern pillar in cross-cut 93 (location of Test 2) was
more jointed and included significant clay fillings which
lowered the GSI value locally to 30. Dripping water was
present over the whole area suggesting that the rock mass
was hydraulically conductive.

The area was characterised by an intense network of
structures in many directions. Eighty joints were mapped in
cross-cut 93. The most significant set was parallel to cross-
cut 93, dipping 55°-80° to the south and perpendicular to
the cross-cut with subvertical dips (Andersson 2011). In
cross-cut 95, 65 joints were mapped. The cross-cut was
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Fig. 2 Documented significant joint surfaces in the vicinity of the test site in a cross-cut 93 and b (cross-cut 95 (Andersson 2011))

dominated by joints striking (1) EW dipping 50°-80° S, (2)
NS semi vertical, and (3) NW dipping 70°-90° NE. The
joint spacing was generally in the range of 1-3 m. How-
ever, joint set (3) was observed with a 0.1 m spacing in a
zone in the northern wall of cross-cut 95 (where Test 4 was
carried out) which had a major impact in defining block
fallouts (Andersson 2011). Figure 2 represents the pole
density plots of the significant joint sets in cross-cuts 93
and 95.

3 Blasting Design and Instrumentation

cThe explosive selected for the tests in the Kiirunavaara
mine was a military type, NSP711, with a measured velocity
of detonation (VOD) of 7931 m/s and a density of 1500 kg/
m’ (except in Test 3 in which bulk emulsion was used). The
reason for selecting this type of explosive was the lower
amount of gas production compared to commercial explo-
sives, high VOD and a blasthole pressure resulting in more
wave energy than gas expansion, a better control over the
amount of explosives, and the well-known Jones—Wilkins—
Lee (JWL equation of state) parameters for numerical
analysis (Helte et al. 2006). Furthermore, four holes were
drilled into the burden to measure the gas pressure in the
burden. The two following sections will describe the blasting
design and the monitoring instruments used in the tests.

3.1 Blasting Design
The design of the blast aimed at mimicking a seismic event

with magnitude +3 (Richter scale) located 15 m from the
drift. This resembles the largest seismic events that have
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occurred in the Kiirunavaara mine up to 2010 (Malmgren
2010) which caused serious damage to the rock mass and
the rock support. The PPV was chosen as the quantity
characterising the seismic event. The maximum PPV was
calculated using a PPV—magnitude—distance relationship
presented by Kaiser et al. (1996). This resulted in PPVs
which were approximately in a range of 1.5-3.5 m/s. The
initial estimation of the amount of explosive, blasthole
diameter, and burden for the first trial was based on
experience from earlier studies in the Kiirunavaara mine
(Olsson et al. 2009) which resulted in a theoretical burden
of 3.3 and a 115 mm blasthole.

The tests were conducted either in the left or the right
hand sidewall of the cross-cuts. The blasthole, with an
approximate length of 15 m, was drilled parallel to the
cross-cut from an adjacent footwall drift. Two different
charge diameters, each with a length of around 5 m, were
used in Tests 1, 2 and 5 to reduce the number of trials. The
first 5 m were not charged nor stemmed in order to vent the
gas and reduce the gas pressure. The next 5 m plus 5 m of
the blasthole were charged with two different charge den-
sities in Tests 1, 2 and 5 and only one charge density in
Tests 3 and 4. The area of the cross-cut wall in front of the
higher charge diameter is denoted “high charge segment”
and the area in front of the lower charge diameter is
denoted “low charge segment” in this paper. Except for
Test 3 (in which bulk emulsion was used as the explosive)
the blasthole was charged with NSP711. The blastholes
were primed at the bottom. The blasthole, charge charac-
teristics and the effective burden are summarised in
Table 1. The burden varied along the tested sidewall due to
blasthole deviation combined with the irregular profile of
the tested wall. Therefore, only the average or effective
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Table 1 Summary of burden, blasthole and charge dimension in Tests

1-5
Test Average Diameter Length Decoupling Charge
burden (mm) (m) ratio (%) concentration
(m) (kg/m)
1 37
Blasthole 115 15 - -
dci 76 5 66 6.8
dea 45 5 40 24
2 39
Blasthole 152 15 - -
dcy 76 5 50 6.7
des 98 5 66 10.9
3 39
Blasthole 152 15 - -
dc 152 15 100 25
4 2.8
Blasthole 152 15 - -
dcy 120 6 79 16.4
5 33
Blasthole 152 16 - -
dcy 94 5 62 10.3
dea 83 6 55 8.5

burden is listed in Table 1. A schematic diagram of the test
layout and blast design are described and shown in Fig. 3.
Four holes in Test 1 and two holes in Test 2 were drilled
into the burden to measure the gas pressure in the burden
using gas pressure sensors. The position of gas pressure
sensors in Tests 1 and 2 is illustrated in Fig. 4. In all of the
tests, the tested rock support consisted of 100 mm steel
fibre-reinforced  shotcrete (40 kg/m3 steel  fibre),
75 mm x 75 mm weld mesh with 5.5 mm diameter, and
Swellex rockbolts with a length of 3 and 1 m spacing.

3.2 Monitoring Instruments

The instrumentation used in Tests 1, 2 and 5 was designed
to provide data for different objectives and included:

e Uniaxial shock accelerometers (PCB 350 BO03) to
estimate the surface velocity and displacement;

e High-speed camera (Casio EX-F1) to estimate block
ejection velocity; the camera was capable of filming at
a rate of 1200 frames per second;

e Displacement probes (spears) (Olsson et al. 2009) to
measure the maximum displacement and velocity at
certain points (where larger movements were expected)
on the rock support surface;

e Laser scanning (Leica HDS 6000) to measure the
surface deformation before and after each blast;

e QGas pressure transmitters (ED 517) to measure the gas
pressure in the boreholes and for arrival estimation;

e Time Domain Reflectometry (TDR 100) coaxial cables
to detect the development of damage such as new
fractures and/or separation/sliding along pre-existing
joints inside the pillar;

e Observation holes (64 mm) for borehole camera
(Wohler VIS 2000) logging before and after the blast;

e Dynamic displacement measurement (Sick OD Value
laser sensor) to measure the displacement at different
time intervals;

e Accelerometers, displacement probes (spears) and gas
pressure sensors were connected to data acquisition
units with 32 channels. Type of instrument for Test 1
was Dash 2032 with a sampling rate of 250 kHz, for
Test 2 the DataFlex 1000 with 180 kHz sampling rate,
and for Test 5 PXle-1073 with PXIe-4300 card
(250 kHz sampling rate).

Table 2 summarises the used monitoring instruments in
Tests 1, 2 and 5, and Fig. 5a, b shows the layout of the
ground motion monitoring instrumentation used in these
tests. There is a slight difference in the number of
accelerometers and other monitoring instruments between
Tests 1 and 2. In Test 5, only three accelerometers, two in
the middle of the high charge segment and one in the
middle of the low charge segment, were used. In Tests 3
and 4 no instruments (except one high-speed camera) were
installed. The reason for not using monitoring instruments
in Tests 3 and 4 and only a few instruments in Test 5 was to
increase the pace of the process to design the optimal
burden and to estimate the optimum amount of charge
concentration.

4 Field Tests Results

Damage mapping of the tested walls were conducted
after each blast. Post-blast observations of the tested
support system in Test 1 showed that cracks with a
width of up to 5 mm and a length of 2-3 m were cre-
ated on the surface of the reinforced shotcrete mainly
within the high charge segment (dc; = 76 mm). No
obvious damage to the rockbolts or the mesh was
observed. The event magnitude of the test recorded by
the mine seismic system was M; = 0.7 on the local
magnitude scale. An example of created cracks is pre-
sented in Fig. 6a.

Observations in Test 2 showed that cracks with widths
of up to 15 mm and 2-3 m in length were formed within
the high and low charge segments (dc, = 98 mm and
dcy = 76 mm, respectively), see Fig. 6b. No obvious
damage to the rockbolts or the mesh was observed and a
local event magnitude of M} = 1 for the test was recorded
by the local seismic system.

@ Springer
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Table 2 Summary of monitoring instruments in Tests 1, 2 and 5

Test Number of used monitoring instruments

1 16 accelerometers, 8 displacement probes, 8 coaxial cables, 4
observation boreholes, laser scanning, 4 gas pressure
transmitters, 1 high-speed camera

2 24 accelerometers, 4 displacement probes, 4 coaxial cables, 4

observation boreholes, laser scanning, dynamic displacement
measurements, 2 gas pressure transmitters, 1 high-speed
camera

3 1 high-speed camera
1 high-speed camera
5 3 accelerometers, 1 high-speed camera

The results from Test 3 are not considered in this paper
because the initial conditions of this test were different from
that of the other tests. Test 3 was performed by re-charging the
blasthole used in Test 2. The used explosive was bulk emul-
sion and the burden was fractured by Test 2.
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Completely different results were observed in Tests 4 and
5 compared to those in Tests 1 and 2. In Tests 4 and 5 the
burdens were completely destroyed. Figure 6c, d show the
state of the tested wall and cross-cut after blast. The ejected
rock material in Test 4 was broken into rather small pieces as
a result of a high charge concentration (dc; = 120 mm)
(note that only one charge segment was used in this test),
while in Test 5, the burden was broken into large blocks of
rock at both charge segments. The mesh and the rockbolts
had totally lost their functionality in both of these tests.
Failure mapping of the rockbolts in Test 4 was performed and
the results indicated that most of the rockbolts were cut into
pieces of 1-2 moflength. In 95 % of the cases the face plates
were detached. The local event magnitudes for Test 4 and
Test 5 were M, = 0.8 and M, = 0.9, respectively. The local
magnitude for the two tests was obtained from the mine
seismic system. The following sections describe the results
obtained from the installed monitoring instruments.
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Fig. 5 Location of monitoring instruments in a Test 1 and b Test 2 (Unit: m)

4.1 Gas Pressure Measurements

One of the main breaking mechanisms of blasting is the
expansion of detonation gases in the burden. This raises the
question whether it is the waves, the gas pressure, or a
combination of them that generated the damage in the rock
mass and the installed support system and the ejection of
rock. In general, depending on the amount of explosives
and its interaction with the surrounding rock mass, blast-
induced radial fractures will be formed and propagate
around the blasthole. Pre-existing fractures will then
become extended leading to a potential for increased gas
penetration and pressure in the rock mass. Investigation of
the gas pressure in the burden can help to clarify the
uncertainties and increase the knowledge of the gas pres-
sure state in the burden. The mechanism was investigated
in Tests 1 and 2 by using gas pressure sensors with the
sensitivity of 800 mV/bar. The sensors were installed on
the pillars and connected to pipes grouted into the gas

measurement holes close to blastholes according to Fig. 4
in Tests 1 and 2.

The results indicated that there was a relatively high
pressure (about 800 kPa) recorded by sensor G, in Test 1
34 ms after the initiation and a low pressure was recorded
by the rest of the sensors in both tests. Figure 7 shows the
results in Test 1. By studying the behaviour of the pressure
versus time signals in Fig. 7 three parts can be recognised
after initiation (r = O s).

e Part 1 is the arrival of the blast-induced wave to the
sensors which occurs 1.4—4 ms after the charge
detonation;

[ ]

Part 2 is the initiation of a negative gas pressure
(pressure below normal air pressure). The air inside the
hole might leak into fractures that became widened
during the “heave” process of a blast. This will result
in negative pressures which occurred 6-10 ms after
charge detonation; and;

@ Springer
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Fig. 6 Damage in a Test 1,

b Test 2, ¢ Test 4 and d Test 5 0 —~ :5." :
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Fig. 7 Gas pressure results and three different parts after initiation in
Test 1

e Part 3 represents the initiation of positive gas pressure
and it occurs about 34—100 ms after detonation and was
recorded by the different sensors. This part cannot be
observed in the wave form measured by sensors G, and
G4 in Test 1.

4.2 Velocity Measurements

Piezoelectric horizontal uniaxial accelerometers (PCB)
were used to monitor the particle velocity near the test wall
surface and to provide an indication of the characteristics
of the ground motion generated by the blast. The 1D—
component accelerometers were installed at a depth of
approximately 0.2 m from the surface in built-in steel
housings that were grouted into approximately 0.5 m long
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and 50 mm diameter drilled holes oriented perpendicular to
the test wall. In Test 2, four accelerometers (A;g and A,;
0.75 m and Ag and A, 1.5 m) were installed in the burden,
to measure the particle velocity and displacement at dif-
ferent distances from the free surface. All accelerometers
were connected to the data recorder unit via coaxial cables.
The particle velocities obtained by integrating the accel-
eration records from each accelerometer installed on the
test wall in Tests 1, and 2 are presented in Fig. 8.

None of the accelerometers were dislodged from the test
wall in Tests 1 and 2, while in Test 5 the complete
destruction of the burden resulted in the loss of the
accelerometers. However, the waves were recorded satis-
factorily before the burden was destroyed. Three
accelerometers installed in Test 5 showed a range of PPV
between 5.9 and 7.1 m/s. A PPV contour for kinetic energy
evaluations in Tests 1 and 2 is presented in Fig. 9.

4.3 Displacement Measurements

Several kinds of instruments were used to measure the
displacement of the test wall and the support system in
Tests 1 and 2. The installation points of the accelerometers
on the test wall, presented in Fig. 8, were selected pri-
marily to record the particle velocity but also for an attempt
to calculate the displacement of the tested wall. A final
range of displacements was estimated at the selected points
using the results from the different displacement mea-
surement methods. This provided a range of displacements
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Fig. 8 Measured PPV by each accelerometer in a Test 1 and b Test 2. The PPV unit is m/s

for the support system in Tests 1 and 2 for each charge
density segment. Depending on the type of instrument,
measurements were carried out either “before and after” or
at the time of the blasting.

A laser scanner was used to scan the surface of the test
wall before and after the blast to estimate the displacement
of the surface and the support system. Using this method,
the displacement at the points close to the installation
points of the accelerometers was estimated. Figures 10 and
11 show the scan result of the test wall in Tests 1 and 2. It
is clear that the highly influenced areas of the test wall and
support system are located mainly within the segments
with a charge diameter greater than 76 mm.

Built-in displacement probes (spears) (Olsson et al.
2009) were used as another method to measure the ground
motion. The positions of the probes can be found in
Fig. 12a. The instrument was constructed of a 0.5 m long
cylindrical steel housing including four coaxial cables

inside the housing with separation of 20 mm. Figure 12b
shows the setup of the displacement probes. An impact rod
(spear) 2 m in length was mounted between the housing
and the test wall to transfer the movement induced by the
blast-induced wave on the test wall to the gauges and
recording unit that the co-axial cables were connected to.
The instruments were installed at heights of 0.9, 1.8 and
2.7 m to provide the best coverage of the test wall. The
probes were installed close to the installation point of the
accelerometers.

Two short range distance laser sensors which provide
accurate distance measurements were used to measure the
dynamic displacement of the test wall at two points on the
shotcrete in Test 2. As it is shown in Fig. 13a, the tripods
for the lasers were located close to and at the middle of the
test wall. As the results provided by laser B were distorted,
only the results from laser A were evaluated and the data is
presented in Fig. 13b. The signal during the first 50 ms
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Fig. 12 Displacement probes in Tests 1 and 2

after the detonation shows the displacement of the test wall
at different times of the test. The displacement at the
measuring point reached to the maximum value of 70 mm
at 30 ms, and then decreased to 55 mm at 50 ms. The
signal was disturbed since the tripod moved during the test
due to air shock after 50 ms. A non-elastic deformation can
be observed in the signal. A final displacement of 55 mm
was measured by this sensor.

The second integration of the acceleration data was used
to estimate the amount of displacement at the installation
point of the accelerometers. The final range of displace-
ment at each charge segment in Tests 1 and 2 are sum-
marised in Table 3.

4.4 High-Speed Camera

A high-speed camera was used to record each test. The aim
was to evaluate the rock ejection velocity from the test wall
and compare the results with the PPV measured on the
surface wall. The camera was capable of recording at a rate

120 [mm]

’

of 1200 frames per second. However, due to insufficient
light in the cross-cut, the frame rate was decreased to 300.
This frame rate provided a time interval of 3.3 ms per
frame. The camera was placed in a camera housing to be
protected from flying stones and the axis of the objective
had an angle of 20° to the surface of the wall. The housing
was filled with sponges to reduce the vibrations generated
by air shock.

In order to obtain a video with high resolution, the light
condition along the cross-cut was improved by using 8
light panels built by shock tubes. Different initiation was
set for the eight light panels so four of them were initiated
15 ms before the charge detonation and the other four
initiated after the first four (35 ms after the detonation) to
obtain a longer duration of light in the cross-cut. The
method facilitated the recording of a video with accept-
able duration and good quality for further analysis.

Since Tests 1 and 2 did not show any ejection from the
test walls the video was only used to evaluate the surface
velocity, the displacement within the high charge segment

@ Springer



2784

S. Shirzadegan et al.

TT 2
Z 18§
- { 01 B
4 ‘, In _ 2
-4 | E
5 H £
= - ' E
3 =
+& Spear 3 E
- 3
Spear 2 NG A
Lasér A Laser B .
EeEsEnlGas
(a)

504
00
504
00

504

Final displacement = §

mm

Laser loses its stability
/ at this point due to

high vibrational loads

maximum
displacement
=70 mm

50 -

Time (ms)

—— Time-Displacement-CrossCut 93-Right side

(b)

Fig. 13 a Layout of the dynamic displacement measurement in Test 2 with laser. b Displacement data measured by the left laser sensor

Table 3 Summary of the range of displacement at each charge
segment

Test Displacement at low Displacement at high
charge segment (mm) charge segment (mm)
3-35 6-71

2 35-110 2-110

and to estimate the gas arrival at the test wall. For this
purpose, the captured video was converted into images
with approximately 3.3 ms time interval. Figure 14 shows
the position of the selected points on the first extracted
frame for velocity and displacement measurements in Tests

1 and 2. Based on the analysis of the frames extracted from
the video using the BlasterMass software (MREL 2000),
the displacement and PPV of the high charge segment wall
for the time period between the charge detonation and
before gas expansion were estimated as presented in
Table 4.

The arrival of gas from the blast detonation at the test
wall was observed some 20 ms after the charge detonation
in Test 1. One explanation to the early arrival of the gas to
the tested wall in Test 1 is the intersection of the obser-
vation boreholes and the boreholes in which the gas pres-
sure sensors were installed. The other reason could be the

Fig. 14 Location of the selected points for PPV and displacement measurements in a Test 1 and b Test 2
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Table 4 Displacement and PPV measurements at points 1 and 2 in
Test 1 and 2

Test Point Displacement (mm) PPV (m/s)
1 1 50 3.0
1 2 30 29
2 1 80 5.7
2 2 90 5.7
0.25
=~ 02 Length of the cable in side the burden jLJ
§ - e T T
5 f o
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Q
=
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£ 01 ‘
=
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Fig. 15 Reflected wave form from coaxial cables before blast in
Test 1

type of explosives used in these tests which has higher
VOD compared to that of earlier tests conducted in other
countries.

4.5 Depth of Damage Measurement

One of the parameters used to estimate the performance of
the support system was the depth of damage (7). As no
ejection occurred and no damage to the support system
could be observed in Tests 1 and 2, the rock mass was
investigated to determine the depth of the failure of the
rock which had failed but was retained by the support
system. The depth of damage to the rock mass was
investigated using two methods, the coaxial cables and the
borehole camera.

The time domain reflectometry (TDR 100) (Campbell
Scientific 2014) system and coaxial cables are useful in
monitoring deformations and thus blast-related damage in
the rock mass. A TDR 100 was connected to the coaxial
cables, before and after the blast, to compare the reflected
waveforms. With this method, the location of fractures in
the rock mass after the blast can be identified by changes in
the waveforms.

Coaxial cables with the length of 3.6 m were grouted
into the rock mass, perpendicular to the test wall, to
investigate the location of fractures and the depth of
damage in the burden after the blast. The positions of the
cables in the test wall are presented in Fig. 5a, b. Figure 15

shows an example of the waveforms recorded before the
blasts in Test 1. The waveforms received from the different
cables were similar and comprised 3 parts. Along the first
part of the cable the influence of the multiplexer as well as
the patch cable is noticeable. Then the signal is stable with
a reflection coefficient (Rc) of around 0.2 that can be
explained from the mismatch of the TDR with 50 O output
impedance and the cable with 75 O impedance which
creates a nominal reflection coefficient:
(Z1 —2,) _ (75 -50)

=zt 50 2 (n

At the end, an open circuit is formed because the cable is
cut at that point and there is a lack of electrical conductivity
between the two conductors. This results in a difference in
electrical potential between the two ends of the cable.

The waveforms reflected from the cables after the blast
in Tests 1 and 2 are shown in Figs. 16 and 17. In these
figures, the initial part of the curve (effects of patch cable
and multiplexer) is not illustrated and only the changes in
response of the parts of the coaxial cables inside the rock
mass were analysed. The waveform reflected from cables
T, and T, in Test 1 could not be used as the distorted signal
received from the coaxial cables may indicate damage to
the cable during installation. The observations and con-
clusions made from the recorded waveforms are sum-
marised in Table 5.

The fractures created or re-activated at distances which
were more than 1 m behind the support system were not
considered in the estimation of the depth of failure since
these fractures were close to the blasthole and they may
have been created directly by the detonation. In the rock-
burst damage review, Stacey et al. (1995) stated that the
observed thickness of the ejected material is typically in
the order of 1 m. Cable 75 in Test 1 indicated a depth of
damage of 0.9 m. However, as the cable was located very
close to the observation borehole (surveyed by a borehole
camera) in which the venting of gas occurred (observed by
reviewing the blast video), the depth of failure, 0.9 m,
indicated by this cable was not considered in the energy
calculations as the cable could have been damaged directly
by the gas expansion. The depth of failure estimated by this
method in Test 1 was, therefore, limited to the recordings
by cable 7, (0.3-0.4 m) at the high charge segment. The
results led to the conclusion that the failure depth is 0.35 m
at the high charge segment in Test 1 (identified fracture is
assumed to be planar and parallel to the test panel). Sim-
ilarly a failure depth of 0.5 m was detected and used for
energy measurements in Test 2 at the high charge segment.

In Tests 1 and 2, four observation boreholes with 64 mm
diameter and 3 m length were drilled perpendicular to the
test wall before the blasts. These holes were filmed before
and after the blast to detect whether new fractures had been
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Fig. 16 Depth of failure (f) measurements by coaxial cables in Tests 1

formed by the blast. The videos before blasting indicated
large spacing and low frequency of joints in the burden as
well as dripping water in some of the boreholes in both
tests. After the blast, the boreholes were filmed again. The
new videos showed that for both charge segments, the
change caused by the blasting (compared to before blast)
was not significant except for more particles and mud being
present in the boreholes after the blast. Before conducting
the energy analysis, a summary of the tests results is pre-
sented in Table 6.
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5 Energy Analyses

The demand on the support system from an external
dynamic load is normally calculated by using the kinetic
energy equation. The energy absorbed by the support
components can be calculated according to their defor-
mation or relative deformation developed during the
dynamic loading. As no ejection occurred in Tests 1 and 2,
the kinetic energy transmitted to the fractured zone of the
test wall is calculated and compared to the energy
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Fig. 17 Depth of failure (f) measurements by coaxial cables in Tests 2

absorption by the support components to evaluate the
performance of the support system.

5.1 The Kinetic Energy

The kinetic energy transmitted to the support system and
absorbed by the surrounding rock mass and installed sup-
port system was calculated using the methods described by
Kaiser et al. (1996):

E= % pt? (2)
where, E (J/m?) is the transmitted kinetic energy per square
metre of the test wall, v (m/s) is the PPV measured by the
surface mounted accelerometers, ¢ (m) is the depth of
created fractures in the rock as measured by the TDR
system, and p (kg/m>) is the rock mass density. The rock
mass density was assumed to be 2800 kg/m”.

The maximum possible kinetic energy per square metre
of the test wall in Tests 1 and 2 is presented in Fig. 18a, b.
The range of the kinetic energy was 6-20 kJ/m? in Test 1,
and 2-30 kJ/m? in Test 2. Since no depth of failure was
estimated at the low charge segment for these tests, the
kinetic energy at this segment was not calculated.
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5.2 Energy Absorption by the Surface Support

At the points of the tested wall where rockbolts were
installed, the relative displacement between the rockbolt
and its surrounding surface support in Tests 1 and 2 was
calculated to estimate the maximum residual deflection of
the surface support after the dynamic loading. In Fig. 19
the definition of the deflection of the shotcrete measured in
Tests 1 and 2 is presented. The amount of relative dis-
placement was estimated from the difference between the
displacements of the rockbolt and the average displace-
ment of the surrounding surface support. The displace-
ments of the rockbolt and surface support were obtained
from the laser scanning of the test wall, presented in
Fig. 10 and Fig. 11, before and after blast. The estimation
was done separately for each square metre of the test wall.

Thyni (2014) improved the standardised Round Deter-
minate Panel (RDP) tests and applied it to the different panels
of reinforced shotcrete. The testing setup is shown in
Fig. 20a. He used different panels of shotcrete with different
thicknesses. The energy absorption capacity of the rein-
forced shotcrete panels was then calculated according to the
obtained load—deflection curve. Figure 20b shows the results
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Table 5 Summary of changes

in cable in Tests 1 and 2 at each Figure g:nrzretation of wave B;sltld?ljref ;Zce)r? n:;:sted Cable locations
segment
Figure 16a Fracture 2.5 Within the high charge
Figure 16b Fracture 0.3-0.4/3.0 segment in Test 1
Figure 16¢ Fracture/short circuit at 2.6/3.1 Within the low charge
Figure 16d No change due to blasting - segment in Test 1
Figure 16e Short circuit 0.9
Figure 16f Damaged cable close to -
the blasthole
Figure 17a Open circuit 1.5 Within the high charge
Figure 17b Fracture 0.5 and 1.1 segment in Test 2
Figure 17¢ Fracture 1.3 Within the low charge
Figure 17d No change due to blasting segment in Test 2
Table 6 Summary of results in Tests 1 and 2
Test 1 Test 2

High charge segment

Low charge segment

High charge segment Low charge segment

PPV (m/s) 4.8-6.7 14
Depth of fracture (m) 0.35 -
Displacement range (mm) 6-71 3-35

2.4-1.5 2.4-6.8
0.5 -
2-110 35-110

from the tests of steel fibre-reinforced shotcrete combined
with weld mesh. In this figure, results from four individual
panels with a thickness of 100 mm are presented.

The results presented in Fig. 20b were used to estimate
the energy absorbed by the reinforced shotcrete and the
weld mesh in Tests 1 and 2. A curve which is the average
of the four curves from this series of tests was calculated to
estimate the energy absorption. The corresponding absor-
bed energy at each charge segment per square metre of the
test wall is shown in Fig. 21a, b.

The analyses of the performance of the surface support
system comprising reinforced shotcrete and weld mesh
indicated to maximum energy absorption of 4 kJ/m?® in
Test 2 with the corresponding PPV up to 7.5 m/s and a
deflection of 100 mm at the wall segment with a charge
diameter of 98 mm.

5.3 Swellex Mn24

Two accelerometers were installed at each charge segment
in Test 2, 0.2 and 1.5 m, respectively, from the surface of
the shotcrete. The Swellex rockbolts closest to these
accelerometers were selected for analysis of energy
absorption versus displacement. A graphical presentation
of the measurements is shown Fig. 22.

Table 7 summarises the geometrical data of the installed
accelerometers and the Swellex rockbolts as well as the
estimated displacements/deformations. The elongation of

@ Springer

the rockbolts was estimated from the displacement mea-
sured at a depth of 1.5 m minus the displacement measured
at 0.2 m. At the low charge segment, an elongation of
80 mm was estimated. At the high charge segment, the
elongation of the nearest rock bolt was less (26 mm) than
that at the low charge segment.

Results from a series of dynamic laboratory tests on
Swellex Mn24 by Voyzelle et al. (2014) was used to estimate
the amount of absorbed energy by the Swellex rockbolts in
Test 2. In the tests carried out by Voyzelle et al. (2014) two
configurations, continuous and split tube as illustrated in
Fig. 23a, were used to determine the behaviour of Swellex
Mn24 under dynamic conditions. In the continuous tube
configuration the bolt was installed in a steel tube and the
impact load was applied directly on the bolt plate. In the split
tube configuration, the bolt was installed in two separated
tubes. In this setup the impact direction was parallel to the
tube, at a distance from the plate.

Since the displacement measurement in Test 2 was
conducted at the mid-length of the rockbolt, data from the
split tube setup were considered for the estimation of the
energy absorption. Results from the first drop were used
since it represents a displacement similar to that observed
after a single blast. The maximum 80 mm elongation
estimated for the Swellex Mn24 in Test 2 was used in
combination with the energy absorption curve in Fig. 23b.
This resulted in an energy absorption of around 17 kJ for
the Swellex MN24 for an elongation of 80 mm.
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Fig. 18 Maximum possible kinetic energy at high charge segments in a Test 1, and b Test 2, (unit: kJ/m?)

6 Discussion

Although it is difficult to comment with a high degree of
certainty whether it was the waves, the detonation gases or
a combination of them that affected the tests results, some
observations from Tests 1, 2, 4 and 5 have assisted in
reducing the level of uncertainty. The installation of gas
pressure sensors revealed that high gas pressures were
recorded at a distance of 1 m from the blasthole which can
be due to the creation of blast-induced fractures around the
blasthole. However, the sensors installed 2 m away from
the blasthole did not record high pressure values which
indicates that the blast was designed in accordance with the
plans, i.e., avoiding the penetration of gases into the burden
closest to the tested wall surface and therefore also the
contribution to damage of the rock mass and the rock
support.

In the tests conducted at Kiirunavaara mine the charge
amount/concentration of the same type of explosive (NSP
711) was increased in a step by step order in Tests 1, 2, 4
and 5 to determine the critical charge density resulting in
damage to the support system. However, the results

indicated that this was not a successful method. The
increase of charge concentration in Tests 2, 4 and 5 was
decided based on the results and the level of damage
observed in the previous test. The increased charge con-
centration in Test 4 resulted in a complete destruction of
the burden. In Test 5, the charge concentration was in
between that of Tests 2 and 4. Also in this test complete
destruction of the burden was obtained. This can be
attributed to the effect of the burden. In Tests 1, 2, 4 and 5
the primary aim was to obtain a burden of around 3.5 m.
However, due to practical drilling issues there was a
variation in burden of 2.8-3.9 m. This effect was observed
in the results obtained in Tests 1 and 2 with burden in the
range of 3.7-39 m and lower charge concentration
resulting in minor damages to the support system compare
to that in Tests 4 and 5. In Tests 4 and 5 the burden was in
the range of 2.8-3.3 m and the charge concentration was
higher which resulted in the destruction of the burden.
One possible explanation for the complete destruction of
the burden in Tests 4 and 5 was addressed by Zhang et al.
(2013) who carried out numerical back analysis of Test 5.
The analysis revealed that using high amount of explosives
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Deflection

Fig. 19 Shotcrete deflection measurement in Tests 1 and 2

and a burden of 2.5 m to 3.5 m resulted in tangential
stresses exceeding the tensile strength and a reduction of
the radial stresses close to the wall of the cross-cut.

The second integration of the recorded acceleration
along the test wall and laser scanning of the test wall was
used to estimate the surface deformation. This also allowed
the approximation of the amount of deformation that the
tested support system sustained. The measurements helped
to improve the understanding of the effect of different
charge concentrations on the deformation of the supported
wall. The results revealed that the identified areas of
damage were mainly located within the segments with a
charge diameter larger than 76 mm. This provided a
guideline for our future tests in which the minimum charge
diameter should not be less than 76 mm for NSP 711 with a
burden larger than 3.7 m.

The acceleration data, the high-speed video, and the
displacement gauges provided estimates of the particle
velocity of the tested wall. By comparing the results it was
concluded that the results were generally in similar order of

Absorbed Energy (kJ)

&~

w

[

—

magnitude. However, due to the lower accuracy of the
displacement gauges and low resolution of the high-speed
video brought on by poor lighting conditions, the range of
PPV over the test wall used in the analyses was based on
the integrated accelerations provided by accelerometers.

In the presented tests, high values of PPV were observed
compared to those obtained in similar tests conducted in
other countries, e.g., by Hagan et al. (2001) and Heal and
Potvin (2007). One source of difference can be due to
different instrumentation (frequency range) used in the
present tests and those reported in the literature. Hildyard
and Milev (2001a) explained that when measuring the PPV
by geophone, the high value of damping in the geophones,
or the loss of information due to filtering might be sources
of error. The use of a larger number of triaxial
accelerometers to identify the wave-type and record higher
frequencies than those recorded by geophones was rec-
ommended by Hildyard and Milev (2001a).

The other source of difference in the PPV between the
tests conducted in the Kiirunavaara mine and the tests
conducted earlier in other parts of the world can be due to
the selected type of explosive. In the presented tests the
used explosive had a higher VOD (NSP711 with the VOD
of 7931 m/s) than those used in the other tests. The
important reason for using explosives with low VOD was
according to e.g. Hagan et al. (2001) and Heal and Potvin
(2007) to obtain shear waves with high amplitudes. The
numerical back analysis of the large scale tests by Hildyard
and Milev (2001a) revealed that despite using low VOD
explosives, there was still a lack of high amplitude shear
waves. This was explained to be a result of insufficient
understanding of the source, and complications due to large
amplitude motions and fractured state of the blasthole after
detonation (Hildyard and Milev 2001a). Furthermore, in a

(a)

20 40 60 80 100 120

Deflection (mm)
——Panell ——Panel 2 Panel3 ——Panel4 == ==Average

(b)

Fig. 20 a Round Determinate Panel Test at LKAB Kiirunavaara. b Energy absorption by the mesh equipped panels of 100 mm steel fibre-

reinforced shotcrete (Thyni 2014)
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Fig. 21 Energy absorbed by reinforced shotcrete and weld mesh in a in Test 1 and b in Test 2 based on Fig. 20 (unit: kJ/m?)

/N

Elongation= 80 mm

|<ﬁﬁ>|\

I Accelerometer

—_— * Accelerometer
at1.5m

- »

1.5m

Fig. 22 Estimation of elongation of Swellex Mn24 using deep
accelerometers

recent study the velocity amplification was investigated by
modelling the dynamic interaction between the fractured
rock and a free surface using a 1D model (Zhang et al.
2015). The results indicate that the wave frequency,

fracture stiffness, fracture spacing and number of fractures
(thickness of fractured zone) are the main factors which
affect the velocity amplification. As a consequence, the
geometrical and mechanical characteristics of the near
surface rock mass of an excavation should be taken into
account when assessing its local the damage potential and
the rock support performance. According to (Zhang et al.
2015), the difference in rock type and geological conditions
among the test sites (i.e., Kiirunavaara mine and the test
sites in other countries) could be another reason for the
high PPV observed in our tests.

From the post-blast observations in Tests 1 and 2 it
could be concluded that the tested support system behaved
quite well and withstood the strong ground motions they
had been subjected to. As no ejection occurred in Tests 1
and 2, the PPV was used in the kinetic energy analysis.
Therefore, the calculated energy values can only be used to
estimate the maximum possible kinetic energy near the test
wall surface. The calculated energy values can indicate the
difference in kinetic energy between different charge
concentrations.
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Table 7 Geometrical data of the installed accelerometers and the Swellex bolts and estimated displacements/deformations

Charge segment Accelerometer Installation Distance to Displacement indicated Estimated rockbolt
depth (m) rockbolt (m) by accelerometer (mm) elongation (mm)
Low Ao 0.2 0.3 80 80
Ass 1.5 0.5 0
High Ay; 0.2 0.3 36 26
Ag 1.5 0.4 10
i Specimen MN24-9 Drop 1
‘ Mass = 2006.4 kg; Height =1.5m
Energy =29.5 kJ; Velocity = 5.42 m/s
s |mpact Absorbed Energy
‘ 360 36
|
| 300 30
| < Rock > f\
\ 240 A ™\ /\/\ | ) 24
| €— pipe  Split pipe —> = 2
| . L .
B} S 180 W N/ ) 18
[ 3 V 2
‘ Impact disk . f ‘ = =
Impact dis 120 ¥ | i 1 12
\ welded on
‘ tube wall &0 &
|
| Bolt 0 0
‘ \ 0 40 80 120 160
il Displacement (mm)
o mEV |1
\_J‘R Plate — 2]
Continuous test Split test
(a) (b)

Fig. 23 a Schematic illustration of continuous and split tubes for dynamic drop test, and b relationship of absorbed energy and displacement

from impact load for Swellex Mn24 (Voyzelle et al. 2014)

The field observations and the creation of large cracks
with a width of 15 mm on the surface of the steel fibre-
reinforced shotcrete could indicate that the estimated
absorbed energy was close to the final capacity of the
sprayed fibre-reinforced shotcrete. When produced frac-
tures are wider than 3—5 mm, the short (30 mm) fibres will
be either pulled out or ruptured and lose their functionality
(Tannant et al. 1994a).

In situ dynamic testing of the weld mesh and the steel
fibre-reinforced shotcrete by means of blasting has been
carried out by Tannant et al. (1994a). In these tests, panels
supported by only fibre-reinforced shotcrete did not
maintain their adhesion with the underlying rock. In
comparison, panels consisting of fibre-reinforced shotcrete
and mechanical rockbolts showed far less drumminess.
Tannant et al. (1994a) discussed that the rockbolts not only
worked as a restraint but also assisted to maintain the rock—

@ Springer

shotcrete bond, and as a result improved the frictional
resistance of the interface. Similar interaction between the
rock mass and the installed support system was observed in
Test 2. Despite the creation of cracks on the surface of the
shotcrete with a width of up to 15 mm, no sign of
debonding of shotcrete from the rock surface was observed
on the tested wall during the visual inspections after the
blast. This can be attributed to the presence of Swellex
rockbolts which supported the shotcrete and prevented
debonding. In tests carried out by Tannant et al. (1994a),
the shotcrete generally withstood velocities of 1-2 m/s, but
failed for velocities in excess of 3 m/s. In the presented
test, the support system resisted velocities up to 7.5 m/s.
One possible explanation for the noticeable difference
could be the weld mesh installed over the reinforced
shotcrete helping to transfer load more uniformly between
the rockbolts. Heal and Potvin (2007) concluded based on
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their in situ test results that the ground support systems
without mesh can be expected to fail at energy levels of
around 1.5-2 kJ/m? while those with mesh can be expected
to fail at energy levels of around 5-8 kJ/m?.

The performance of the fibre-reinforced shotcrete and
weld mesh was evaluated by measuring the deflection of
the installed surface support and estimating the energy
absorption at each square metre of the test wall. The esti-
mated absorbed energy for the measured deflection was
calculated using deflection-energy absorption curves pro-
vided by Thyni (2014) based on static round determinate
panel tests at LKAB. The performance of the Swellex
rockbolt was investigated by estimating the elongation of
one rockbolt and relating the result to the absorbed energy-
displacement from impact loads on Swellex Mn24 by
Voyzelle et al. (2014). By comparing the maximum esti-
mated energy absorption by the Swellex (17 kJ/m?) and the
fibre-reinforced shotcrete (4 kJ/m?) to the maximum
kinetic energy (30 kJ/m?), it can be assumed that as the
support system is still functional, some of the energy is
reflected back to the surrounding rock.

7 Conclusions

This paper presents the results from the development of a
large scale dynamic testing method of rock support systems
which uses blasting to generate the dynamic load. This was
done by using different charge concentrations while the
burden and explosive type was kept constant. An additional
objective was to avoid damage from detonation gases. The
combination of the different types of monitoring instru-
ments and the damage mapping provided valuable infor-
mation about the performance of the rock mass and the
rock support system during these tests. The major conclu-
sions of this work are:

e It is possible to minimise the effect of gas expansion
from blasting by using high impact, low gas explosives
(e.g., military type explosive used in these tests),
avoiding stemming the blasthole, and leaving a “rea-
sonable” burden.

e It is crucial to have a “reasonable” burden for a
successful simulated rockburst test. Too small burden
can result in severe damage to the tested wall caused by
the gas expansion. Large burdens will allow significant
stress wave attenuation and the energy transmitted to
the rock support system will be too low to expose the
rock support system beyond its bearing capacity. It is
desirable to conduct several field tests together with
numerical modelling to design a “reasonable” burden.

e From the estimated PPV values it can be concluded that
it is insufficient to use only the PPV to assess the

damage level of the support system and the rock mass.
Damage assessment in Tests 1 and 2 showed that the
rock support was not at all or just slightly damaged
even though the PPV had reached 7.5 m/s, which is
arguably a high value compared to the previous tests
conducted in other countries.

e The comparison of maximum estimated energy
absorbed by the installed Swellex and the fibre-
reinforced shotcrete with the maximum estimated
kinetic energy shows that the wave energy is partly
absorbed during the fracturing of the rock mass,
fracturing of the shotcrete, sliding of rockbolts, yielding
of the mesh, and partly reflected to the surrounding
rock mass.

The large amount of data recorded during these trials
will be useful for the calibration of more advanced
numerical models. The numerical analyses can then be
used for sensitivity analyses simulating different blast
designs. This will be useful for improving the design of the
tests. Based on the results from preliminary numerical
analysis of earlier Tests 1, 2, 4 and 5, an additional large
scale dynamic test, Tests 6, is planned to be conducted in
the LKAB Kiirunavaara mine. Results and numerical
analysis of Test 6 will be presented in form of a separated
publication.
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