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Abstract 

Sublevel caving (SLC) is a mass mining method relying on the flowability of the 
blasted material. The ore is blasted in slices against caved material which is 
mainly waste rock. The result of the confined blast is greatly influenced by the 
interaction between the blasted material and the caved material. During blasting 
both materials change characteristics; the blasted material increases its porosity 
and compressibility due to breakage and swelling while the caved material is 
compacted and decreases in porosity and compressibility. An understanding of 
the mechanisms involved in this process is of significant importance.  

The behavior of the caved material (confining material) was studied in the 
laboratory under dynamic loading. A new apparatus was developed to conduct 
impact tests to simulate blasting conditions. The tested material was a blend of 
crushed waste rock from drift development in the Kiirunavaara mine with 
maximum particle size 32 mm. The material was tested for two conditions, i.e. 
dry and wet (pendular state), and with different impact velocities (low (5 m/s), 
medium (8 m/s) and high (10-12 m/s)). During the impact tests, two types of 
measurements were taken; dynamic measurements based on the recordings from 
the installed accelerometers on the machine and static measurements pre- and 
post-impact. Additionally, the angle of repose, the impact duration, and the 
fragmentation was measured.  

In addition to the laboratory tests, small-scale blast tests were carried out to 
investigate the burden behavior in confined conditions. The blasted specimen 
was a cuboid magnetic mortar block and the confining material was crushed 
concrete with maximum particle size 16 mm. The blocks were instrumented 
with custom-made incremental displacement sensors. 

After the analysis of the results from the above experimental work, two confined 
pillar tests (test #1 and test #2) were carried out at the Kiirunavaara mine. The 
preparation work for the pillar tests involved the development of 
instrumentation and installation techniques. The experimental configuration 
contained two blastholes and measurement holes in between the blastholes 
drilled from the neighboring crosscut. Test #1 mainly focused on the evaluation 
of the instrumentation and techniques while test #2 focused on the interaction 
between the blasted burden and the confining material. The confining material 
in test #1 was a blend of ore and waste material from drift development at the 
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Kiirunavaara mine. The characteristics of the material were unknown. The pillar 
in test #2 was divided into two parts, the first part of the pillar was confined by 
the same material as in the laboratory impact tests and the second part of the 
pillar was confined by caved masses. 

The instrumentation was installed in the burden of the pillars and comprised 
accelerometers and displacement sensors. Additional instrumentation was also 
installed in the confining material. 

The burden in the small-scale blast tests reached maximum velocity 29 m/s and 
maximum displacement 12.6 mm. In pillar tests, the burden movement was in 
the range of 0.9 to 1.1 m. In both pillar tests, burden erosion material was 
observed in the gap between the intact rock and the blasted burden. This 
material was finer compared to the blasted burden. The origin of this material 
was from the vicinity of the blastholes. 

The results of the laboratory tests showed that the wet material exhibited a larger 
compaction zone than that of the dry material. The wet material showed 
apparent cohesion close to the impact surface of the tested material. A similar 
observation was made in test #2 where an agglomeration of the confining 
material, as a result of apparent cohesion, was observed on the surface of the 
blasted burden. The displacement data from the instrumentation in the burden 
and inside the confining material showed that the compaction zone follows an 
inverse exponential behavior. After the blast, steeper angles of repose were 
measured indicating higher frictional forces between the particles. Moreover, the 
evidence of apparent cohesion and a larger angle of repose indicated the 
introduction of tensile strength in the material.  

The mass of the confining material was compressed elastically and plastically 
during the blast. After the blast, the material recovered its elastic deformation 
and pushed the blasted burden backward as observed in the small-scale blast tests 
and the pillar tests. At this stage, the burden erosion material was compacted. 
Hence, there were 3 materials, i.e. burden erosion material, burden, and 
confining material, which were compacted with different compaction rates. This 
condition promotes interlocking of the particles in the materials.  

Keywords: sublevel mining, compaction, confining material, confined blast, impact tests, 
burden dynamics, coarse-grained material 
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Definitions and abbreviations 

Apparent cohesion, the resistance of particles to being pulled apart due to the 
surface tension of the moisture film surrounding each particle (McGraw-Hill & 
Parker, 2003)  

ASTM, American Society for Testing and Material 

Burden erosion material, fine fragmented material which originates from the rear 
side of the blasted burden  

Compaction, the result of compression and consolidation, the volumetric change 
of the confining material is considered 

Compactive effort, the total energy used to compact the specimen and expressed 
as kilo-Newton-meters per cubic meter (Texas Department of Transportation, 
2013) 

Confining material, artificially or naturally placed material which lies in front of 
the burden  

DAS, Data Acquisition System 

Pendular state, free spaces between particles are only partly filled with liquid, 
single liquid bridges appear between solid particles (Newitt & Conwey-Jones, 
1958) 

Potentiometric displacement sensor, an instrument for measuring the potential 
(voltage) change when the length of a resistance wire changes 

Sequential firing pattern, firing sequentially the blastholes of a row 

SLC, Sublevel Caving mining method 

V-shaped firing pattern, firing the middle hole of the first row and then firing 
sequentially diametric opposed blastholes  
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1 Introduction 

Sublevel caving (SLC) is a mass mining method used at the Kiirunavaara mine 
owned and operated by LKAB (Luossavaara-Kiirunavaara Aktiebolag) in 
northern Sweden. The main drawbacks of the method are ore losses and waste 
rock dilution (Bull & Page, 2000). The method has three core elements: i) 
production drilling, ii) blasting and iii) flow of the blasted ore to the draw point 
where the material is loaded and transported for further process (Wimmer, 
2012). The blastholes are drilled in a fan-shaped configuration referred to as SLC 
production ring. The blasting is performed under confined conditions due to 
material either from previous blasts and/or caved material in front of the burden 
(Figure 1). The degree of confinement is unknown for each production blast; it 
varies from open slots to fully confined burden and depends on the 
characteristics of the confining material in front of the burden, i.e. particle size 
distribution, porosity, and compressibility. 

 

Figure 1 Confined SLC production blasting 
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The caved masses (confining material) reduce the available swelling space for the 
blasted ore/rock which results in a coarsely fragmented ore, i.e. including 
boulders. This condition influences the flowability of the blasted ore (Stazhevsky 
& Lindqvist, 1995) and might cause temporary or permanent hang-ups, i.e. the 
flow of the blasted ore towards the draw point is being interrupted. Additionally, 
hang-up studies done by (Power 2003 and Wimmer, et al., 2012) have shown 
that over-compacted caved material in front of the burden also causes 
disturbances in the gravity flow of the blasted material. Hence, it is important to 
understand the mechanisms involved in the flow of the blasted material, the 
interaction between the confining and blasted material and how the material 
characteristics change during blasting (dynamic loading). 

The confining material can be considered as granular. Hence, the mechanisms 
related to this material include particle-to-particle interactions, particle rotation 
and relocation, intense segregation effect due to blast vibrations, dilatancy due to 
shear deformations and kinematics due to material movement (rheological 
behavior). These mechanisms are directly dependent on the change of the 
characteristics of the material during blasting.  

The burden behavior under confined conditions during blasting and the 
interaction between the blasted and the confining material has been studied by 
many researchers using different experimental configurations and several types of 
confining materials.  

Small-scale tests have been conducted by, for example, Belen'kii, et al. (1969), 
Rustan (1970, 2000 and 2013) and Johansson (2011). The results from these 
studies showed that the design parameters, for example, confinement, delay time 
and initiation point of a blast have a significant impact on the performance. The 
studies showed that the size of the blasted material becomes coarser under 
confinement than for free face blasts. Belen'kii, et al. (1969) showed that the 
compaction only depends on the confining layer thickness and that the extent of 
the compaction zone can be expressed as a hyperbolic function. Volchenko 
(1977) found that the swell of the blasted material decreased and the extent of 
the compaction zone of the confining material increased which led to a higher 
bulk density of the confining material when the thickness of the confining 
material increased. Johansson (2011) proposed an equation which predicts the 
compaction considering the acoustic impedance of the confining material in 
combination with the specific charge used in the tests. 
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Newman, et al. (2008) conducted one confined pillar test at the Kiirunavaara 
mine to study the ore swell and to estimate the blast damage in an SLC 
production ring blast. The results showed that swelling varied from 2 to 17%. 
This variation was explained by the inconsistency of the degree of packing of the 
caved material. Wimmer & Ouchterlony (2011) carried out a series of pillar tests 
to develop measurement methods for the study of burden dynamics and 
breakage. Two of these tests were in a configuration similar to the confined 
conditions in the SLC method. The confining material was a blend of ore and 
waste rock from drift development at the mine. The material properties were 
not analyzed in detail. Thus, qualitative conclusions could not be drawn on the 
influence of the blast on the confining material and the effect on the blasting 
results. The results from the instrumentation installed in the burden showed that 
the burden moved about 1.2 – 1.6 m and the compaction was in the range of 4 
– 5%. 

A geomechanical method which can be considered analogous to burden 
movement is the dynamic compaction, i.e. in principle a heavy drop hammer 
falling from a defined height and impacting the ground at a given velocity. This 
method was introduced by Menard & Broise (1975). Numerous laboratory and 
field tests have been conducted by, for example, Jessberger & Beine (1981), 
Mayne & Jones (1983), Womac, et al. (1989), Chow, et al. (1990 and 1992), 
Poran, et al. (1992), Thilakasiri, et al. (1996), Oshima & Takada (1998), 
Merrifield & Davies (2000), Gu & Lee (2002) and Jafarzadeh (2006) to 
investigate the behavior of soil masses under dynamic loading. In the majority of 
the tests, accelerometers and load cells have been used to assess the applied load. 
The deceleration of the drop hammer was measured on the soil sample. The 
recorded signals have been further used for calculations of the impact velocity 
and displacement of the impact surface. These tests have mainly been focused on 
very fine-grained soil materials, i.e. sand, silt, and clay. 

Mayne & Jones (1983) calculated the stresses during dynamic loading from field 
data assuming that the compressional wave can be simulated with a triangular 
pulse. This means that the area under a force-time curve was equal to the change 
in momentum of the drop hammer. Their method has been applied to different 
datasets from different literature sources. These included datasets from different 
test sites. It was observed that the method gave good predictions of the 
magnitude of the stresses and the duration of the impact. 
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Poran, et al. (1992) conducted a study on a laboratory scale to investigate the 
impact behavior of sand by changing impact parameters such as the drop height, 
the weight of drop hammer and the contact area. The study was based on the 
Dynamic Settlement Modulus (DSM) concept, which correlates density and 
elastic parameters of a soil mass. The experimental setup was composed of a 
1.22x1.22x1.22 m cubic steel tank filled with sand and a drop hammer of 
various diameters, i.e. 102 mm, 152 mm and 229 mm. The drop hammers were 
equipped with piezoresistive accelerometers. The results showed that DSM can 
be correlated with soil densification. With the proposed method, the influence 
of the depth and of the width of the impact can be estimated based on the drop 
hammer weight, the contact area, the drop height and the number of blows. 

Oshima & Takada (1994 and 1998) performed a series of experiments on the 
effect of drop hammer momentum on the compaction of soil and sandy 
materials. There were two sources of data, i.e. field data and laboratory data 
from centrifuge model tests. The data was analyzed based on the impact duration 
and the kinetic energy. The evaluation of the compaction from the laboratory 
tests was done with cone point resistance method. The results showed that the 
momentum of the drop hammer was better correlated with the compaction of 
the tested material than with the kinetic energy of the drop hammer. 

The above-mentioned experimental work in the blasting field, in different 
experimental scales, mainly focused on the blasted material and partially on the 
confining material. Moreover, the dynamic compaction tests, in the field of soil 
mechanics, were focused on fine-grained materials whereas the confining 
material is usually coarse in blasting applications.  

Thus, the study of the confining material can be correlated to the behavior of 
granular material under dynamic loading. Additionally, the confining material 
has a great effect on the blasting performance, especially in the SLC blasting, 
where it needs to be considered during the blast design. 

1.1 Thesis objective and research questions 
This thesis presents a series of experiments of varying scale, i.e. laboratory tests, 
small-scale blast tests and pillar tests that reflect the behavior of granular material 
during dynamic loading. 
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The research aimed to fulfill the following general objective: 

To study the interaction between the burden and the confining material 
during blasting 

Based on this objective the following research questions were addressed: 

RQ1: How does the confining material behave during blasting? 

RQ2: What is the effect of confining material on burden behavior during 
blasting? 

RQ3: How far does the compaction zone extend from the burden? 

RQ4: How can the burden behavior be monitored? 

The research questions were answered through a series of laboratory impact 
tests, small-scale blast tests and pillar tests (half-scale tests). Apparatus, 
instrumentation and new techniques were required to carry out the tests. This 
comprised: 

A laboratory impact machine 
Instrumentation for the small-scale blast tests and the pillar tests 
Installation techniques for the instrumentation in the pillar tests 

1.2 Limitations 
This thesis is limited to laboratory, small, and half-scale experiments (pillar tests). 
This thesis focuses on a specific confining material which has been used in the 
laboratory and in pillar tests. This confining material is, nevertheless, only 
compared theoretically to the actual confining material (caved masses from the 
hanging-wall) in SLC production rings. 

1.3 Structure of the thesis 
This thesis is composed of 6 chapters. In Chapter 1 an introduction of the earlier 
published work done on the subject is briefly presented as well as the thesis 
objectives and research questions. Methods and techniques are described in 
Chapter 2 including the development of the laboratory apparatus, the new 
instrumentation and the techniques applied in the various experiments. 
Additionally, the experimental configurations for laboratory impact tests, small-
scale blast tests, and the pillar tests are described in Chapter 2. The results from 
the laboratory impact tests, small-scale blast tests, and the pillar tests are presented 
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in Chapter 3. Chapter 4 discusses the findings from the described tests and 
possible correlations with an SLC blasting process. The conclusions are presented 
in Chapter 5, formulated by answering the research questions. Finally, on-going 
work and recommendation of future research related to full-scale experimental 
work and further study of the mechanisms involved in the burden and the 
confining material interaction are described. 

A flowchart is presented in Figure 2 which shows the correlation between the 
research questions and the appended papers to this thesis. 

 

Figure 2 Paper correlation with research questions 
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Paper A 

Fragmentation under different confinement conditions and the burden behavior-small scale 
tests Authors: Nikolaos Petropoulos, Daniel Johansson and Finn Ouchterlony  

Nikolaos Petropoulos  
- prepared and conducted the small-scale tests  
- developed the utilized measurement system  
- did the sieving analysis, the signal analysis and the analysis of the results 

from the measurement system  
- wrote the paper 

Paper B 

Design of equipment for dynamic burden measurements 
Authors: Nikolaos Petropoulos, Dimitar Mihaylov, Daniel Johansson, Matthias 
Wimmer and Anders Nordqvist. 

Nikolaos Petropoulos and Dimitar Mihaylov developed the methods and 
instrumentation. Nikolaos Petropoulos wrote the paper. 

Paper C 

A Suggested Method for the Study of Crushed Aggregate Response to Dynamic 
Compaction Authors: Nikolaos Petropoulos, Dimitar Mihaylov, Daniel Johansson 
and Erling Nordlund 

Nikolaos Petropoulos and Dimitar Mihaylov developed the laboratory apparatus. 
Nikolaos Petropoulos developed the methods and analyzed the results. The 
paper was written by Nikolaos Petropoulos. 

Paper D 

Crushed aggregate response upon impact in dry and wet conditions  
Authors: Nikolaos Petropoulos, Daniel Johansson and Erling Nordlund  

Nikolaos Petropoulos  
- prepared and conducted the tests 
- did the sieving analysis and the signal analysis 
- wrote the paper  
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Paper E 

Compaction of confining materials in pillar blast tests 
Authors: Nikolaos Petropoulos, Matthias Wimmer, Daniel Johansson and Erling 
Nordlund  

Nikolaos Petropoulos and LKAB personnel prepared and conducted the tests. 
Nikolaos Petropoulos carried out the analysis of the data from the measurement 
systems. The paper was written by Nikolaos Petropoulos. 
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2 Instrumentation and Techniques 

The interaction between the confining material and the burden was studied in a 
series of laboratory tests, small-scale blast tests and pillar tests. Figure 3 illustrates 
the correlation between the different experiments and shows the contribution of 
each test to the observation of the behavior of the confining material and the 
burden during blasting. The laboratory impact tests were carried out, which 
simulated the burden action during blasting, i.e. the burden compacts the 
confining material. The burden behavior in confined conditions was studied in 
the small-scale blast tests. The results of the above experiments led to the pillar 
tests where the interaction of the burden and confining material was observed.  

 

Figure 3 The relationships between the tests 

2.1 Laboratory tests  

The conventional laboratory apparatus for compaction tests is developed for 
fine-grained materials, i.e. sand, silt and clay. The examined material used in the 
pillar tests was coarse-grained material as characterized by ASTM D2487-11 
(2011). Hence, the development of a laboratory apparatus was necessary to 
conduct the impact tests.  

The design of the impact machine (Figure 4) was based on criteria such as safe 
operation, capability of hosting sensors and adjustable compactive effort. The 



Improved understanding of sublevel blasting 

10 
 

impact machine was inspired by the approach of the Proctor tests and also by 
methods of evaluation of compaction characteristics ASTM D1557 (2012) and 
ASTM D698 (2012), and the standard of the evaluation of Aggregate Impact 
Value (AIV) BS 812-112:1990 (1990). The differences between the impact 
machine and the apparatus recommended by the above-mentioned standards 
were the maximum particle size, the kneading mechanism, multiple layers and 
the measurement of the optimum water content. Hence, the impact machine is 
unique because it utilizes only one blow on a thick layer to study the behavior 
of loose material during dynamic loading along its depth. Moreover, it can host 
coarse-grained material passing a 37.5 mm sieve (sieve No. 1 ½) (ASTM 
C136/C136M-14, 2014). The selection of the material size was based on the 
pillar test design (see section 2.3) where it was used as backfill due to its 
abundance at the mine.  

The drop height had to be no more than 1.5 m due spatial restrictions. Hence, 
an energy accumulator was required to accelerate the drop hammer to the 
defined impact velocity for each test configuration. Elastic cords were used as 
energy accumulators to accelerate the drop hammer and the number of cords on 
each side determined the impact velocity. The behavior of the elastic cords was 
tested during several loading/unloading cycles as well as the tension limits. Since 
the maximum particle size is up to 37.5 mm the mold diameter has to be 
approximately 300 mm based on calculations for the mold size on Method C in 
ASTM D1557 (2012). 

The impact machine was designed to allow several parameters of the coarse-
grained material to be measured, i.e. the bulk density, the angle of repose and 
the compaction. Bulk density and compaction are directly related since both of 
them involve the volumetric change of the tested material in the mold. The 
angle of repose indicates the frictional forces between the particles in the 
material. These parameters could be monitored in two ways, dynamically and 
statically. The dynamic measurements showed the history of the compaction as 
opposed to static measurements which showed the final result of the 
compaction. The dynamic monitoring was performed during the impact based 
on the recordings from built-in sensors. The static measurements were taken 
pre- and post-impact. Based on these measurements the reaction of the tested 
material was observed during dynamic loading. 
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Figure 4 shows the impact machine with the main elements labeled. The 
selected mold had an inner diameter of Ø298.9 mm with 12.5 mm wall 
thickness and 400 mm height based on calculations for the mold size on Method 
C in ASTM D1557 (2012). The gap between the mold and the drop hammer 
had to be smaller than the maximum particle size to minimize the impact crater. 
Hence, the diameter of the drop hammer was Ø270.0 mm which gives a gap of 
14.45 mm. In this case, only one parameter was used to define the applied 
compactive effort; the impact velocity. The drop hammer and the mold were 
fully aligned and centered.  

 

Figure 4 The impact machine (dimensions in mm) 

The installed instrumentation on the impact machine was located on the drop 
hammer and in the mold as shown in Figure 5. The installed sensors at points 1, 
2 and 3 were three piezoelectric uniaxial accelerometers from PCB Piezotronics 
(Model 350B-03). At point 4, two coaxial cables were used to measure the 
impact velocity of the drop hammer and to trigger the logging units. The 
accelerometers in points 2 and 3 were installed on the telescopic system located 
in the tested material.  
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The recordings from the built-in sensors were used to calculate the maximum 
displacement of the sensors and the duration of the impact. The impact duration 
is the time span which is required for the drop hammer to decelerate from the 
impact velocity to zero. The impact duration thus shows the required time for 
the kinetic energy to be transferred from the drop hammer to the tested 
material. 

 

Figure 5 Section of the mold and location of the sensors (dimensions in mm)  

The consistency of the tests was of the utmost importance. Therefore, a 
systematic procedure was developed. Prior to the dry tests, the samples were 
dried in a laboratory oven and sieved according to ASTM D2216-10 (2010) and 
ASTM C136/C136M-14 (2014). The sample was poured into the mold with 
the telescopic system pre-installed. At point 2 in Figure 5, aluminum foil 
covering the entire section of the mold, was placed to collect the material after 
the impact for sieving without losing the fine particles due to a segregation 
effect. When the material was in the mold, two measurements were taken, i) the 
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weight of the sample and ii) the angle of repose by tilting the mold on the mold 
holders. The first measurement was used in the calculation of the bulk density of 
the sample prior to the impact test since the occupied volume was known and 
the second measurement was used to observe the stability of the material. After 
the impact, both measurements were taken again. The layer of the sample above 
the aluminum foil was removed for sieving. 

The origin of the tested material was crushed material from the Kiirunavaara 
mine. The maximum particle size passed the sieve with an opening of 37.5 mm 
(sieve No. 1 ½) but particles retained at 31.7 mm (sieve No. 1 ¼) (ASTM 
C136/C136M-14, 2014).  

Two conditions of the same coarse-grained material were used: (i) dry and (ii) 
slightly wet (2.43±0.56%). The moisture in the wet material was the natural 
water content which according to Newitt & Conwey-Jones (1958) is called the 
“pendular state”. The material was tested in two conditions to observe how the 
behavior of the material alters when water is present. The wet material was also 
used in the pillar test (test #2) as confining material. 

The experimental setups (Table 1) were based on the applied compactive effort 
based on ASTM D698 (2012). 

Compactive effort= 
(no. of blows)×(no. of layers)×(weight of drop hammer)×(drop height)

volume of material
 (1) 

where the number of blows and the number of layers can be omitted since there 
was only one blow and one layer. The weight of the drop hammer was 35.5 kg 
and the volume of the material was 0.021 m3 since the height of the material was 
0.3 m in the mold and the inner diameter of the mold was Ø298.9 mm. These 
parameters were constant in all tests. The equivalent drop height based on the 
impact velocity was used in (1). Table 1 shows the test matrix of the impact tests 
as well as the different experimental configurations. 
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Table 1 Test matrix of the impact tests 

Set-up/Test 
Classification 

Impact velocity 
(m/s) 

Compactive effort 
(kN-m/m3) 

Condition 
No of 
tests 

Low 5.08 ± 0.38 22 ± 0.1 dry 5 
Medium 8.18 ± 1.38 56 ± 1.6 dry 5 

High 12.08 ± 2.40 123 ± 4.8 dry 10 
 

Low 5.41 ± 0.32 25 ± 0.8 wet 10 
Medium 8.87 ± 0.16 66 ± 2.1 wet 5 

High 10.83 ± 0.45 99 ± 0.17 wet 8 
 

2.2 Small-scale blast tests 

The impact tests showed the reaction of the confining material under dynamic 
loading. However, the burden behavior could not be observed since the drop 
hammer and the rock mass during blasting behaved differently. Thus, small-scale 
blast tests were carried out under confined conditions.  

The design of the small-scale tests was based on earlier work done by Johansson 
(2011). Magnetic mortar blocks with dimensions of 660x270x215 mm were 
placed in a concrete yoke to define the boundary conditions. The blocks were 
confined by crushed concrete with mean fragment size (x50) 8 mm and 
maximum particle size (xmax) 16 mm (Figure 6). The selection of the confining 
material was based on dimensional analysis with respect to the blasted material 
from the SLC production rings. The dimensional analysis was carried out by 
Johansson (2008).  

The confining material was placed in a space created between the magnetic 
mortar block and a steel structure attached to the yoke. The explosive used in 
the tests was detonating cord with a strength of 20 g/m. A detonating cord with 
a strength of 5 g/m was used as a firing line and to set the delay time between 
the holes. 

There were two designs: i) 7 holes and 3 rows, and: ii) 5 holes and 2 rows. The 
two designs resulted in different specific charges, 4.1 kg/m3 and 2.5 kg/m3, 
respectively. These two designs enabled the observation of the behavior of the 
blasted material with varying specific charge. 
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Table 2 shows the test matrix of the small-scale blast tests. There was a variation 
of the configurations to study the effects of delay time, initiation pattern, specific 
charge and blasting conditions on the burden behavior. 

Table 2 Test matrix for the small-scale blast tests 

   *Block 6 was blasted with different delay times for each row 

The burden behavior was observed using different sensors, i.e. piezoelectric 
accelerometers attached on the face of the burden (model B&K 8309 and Dytran 
3200B2M), a draw wire (Firstmark 161H) and the nail method (Figure 6). The 
nail method was a custom-made incremental measurement solution. It was 
composed of a plunger-shaped knife, 10 coaxial cables (RG174/U) passing 
through a steel pipe and a steel plate for proper mounting on the surface of the 
burden. The principle of this method is that the movement of the burden pushes 
the knife against the coaxial cables and ultimately cuts them. The broken cables 
are short-circuited and a spike pulse is recorded by the logging unit. Hence, by 
knowing the distance between the cables and the time span between the pulses 
the burden velocity was calculated. The resolution obtained by this method was 
1.7 mm. 

Block 
No. 

Nominal inter-
hole delay 
time, μs 

Specific  
charge,  
kg/m3 

Firing 
pattern 

Conditions 
No. of 
holes 

1 110 4.1 V-shaped Confined 7 
2 290 2.5 Sequential Confined 5 
3 110 4.1 Sequential Confined 7 
4 218 4.1 Sequential Confined 7 
5 290 2.5 Sequential Free 5 

6* 
0-R1* & 73-

R2* 
2.5 Sequential Free 5 

7 290 2.5 Sequential Free 5 
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Figure 6 The setup of the confined small-scale blast tests 

2.3 Pillar tests  

The results from the small-scale blast tests and the impact tests were used as input 
information to design the pillar tests. The pillar tests simulated the conditions in 
an SLC production ring. 

Two pillar tests were conducted under confined conditions in the Kiirunavaara 
mine. The test site was at production block 45, at the 935 m level. The 
dominant rock type in both pillar tests was trachyte-trachyandesite. The rock 
mass in this area was competent with 4 major joint sets with strike/dip 246o/60o, 
63o/60o, 60o/60o and 56o/60o, respectively.  

Hereafter, the two pillar tests will be named test #1 for pillar #1 and test #2 for 
pillar #2. The focus of test #1 was to evaluate the function of the developed 
instrumentation and the new techniques which are described below. Test #2 
was focused on the burden interaction with the confining material.  

The concept of the experimental design for the pillar tests is shown in Figure 7. 
The measurement systems were installed from the rear side of the measurement 
hole towards the burden. The positioning of the systems took into account the 
limited access to crosscut 433 in front of the burden in test #2 (Figure 8). The 
measurement systems were installed 0.2 m from the face of the burden so that 
they were behind the shotcrete support layer. The blastholes were drilled parallel 
to the crosscut wall to simulate the two middle holes of a production SLC ring. 
Furthermore, initiation of the blastholes and specific charge was similar to that in 
SLC in test #2. The average specific charge of an SLC production ring at the 
Kiirunavaara mine is 1.35 kg/m3 as is stated by Wimmer (2012). In test #2, the 
specific charge was 1.48 kg/m3. 
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Figure 7 The conceptual design for the pillar tests (DAS: Data Acquisition System) 

Table 3 shows the blast design of the pillar tests. The ratio between the burden 
and the spacing was changed, from 1.25 in test #1 to 1.0 in test #2, to 
compensate for irregularities of the pillar wall and to ensure sufficient energy to 
push the burden towards the backfilled/caved material and compact it as in an 
SLC production ring. 

Table 3 Geometry of the pillar tests 

Pillar 
tests 

Burden 
[m] 

Spacing 
[m] 

Blasthole 
length [m] 

Stemming 
[m] 

Specific 
charge 
[kg/m3] 

Test #1 2.5 2.0 9.5 3.0 1.07 
Test #2 2.0 2.0 45.0 5.0 1.48 

The setup of the pillar tests is shown in Figure 8. The cross-section of the 
crosscuts was 5x7 m, with some variations due to irregular walls. The pillar 
width was 17 m, which also was the length of the measurement holes.  

In test #1, two measurement holes (M11 and M12) and two blastholes were 
drilled. The backfilled material in test #1 was a blend of ore and waste rock 
from drift development with unknown particle size distribution and 
characteristics since the test was mainly focused on evaluating the 
instrumentation and the installation techniques. Timber markers were placed 
inside the backfilled material in crosscut 436, 2 m and 4 m from the crosscut 
wall towards the opposite wall. 
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In test #2, the pillar was divided into two parts, i.e. the backfilled part where 
crosscut 433 was backfilled and the caved mass region where crosscut 433 was 
filled with caved masses as the result of production blasts. The part of the 
crosscut filled caved masses started from the floor line of the muckpile (Figure 
8). Two sets of holes were used to investigate the behavior of the burden namely 
one set of holes against backfilled material and one set of holes towards caved 
masses. Totally 11 holes were drilled for test #2 and different types of 
instrumentation were installed. TDR cables (Time-Domain Reflectometry) 
were installed in 3 holes (noted in Figure 8 as TDR#), measurement systems 
(see section 2.3.1) were installed (noted in the figure as M#) in 6 holes and 2 
holes were used for inspection (noted in Figure 8 as Insp). The majority of the 
holes in test #2 were drilled through the pillar to monitor the behavior of the 
burden in the caved masses region. The backfilled material was a coarse-grained 
crushed material as characterized by ASTM D2487-11 (2011) in a pendular state. 
The same material used in the laboratory impact tests. The backfilled material 
was also instrumented (M7 – M10). These systems were installed at 2.4 m and 
4.8 m from the burden. 

 

Figure 8 Two pillar tests 
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In both pillar tests the crosscut area was calculated based on scan data before the 
blast which surveyed the irregularities of the wall. The backfilled material was 
removed after the blast so that the post-blast location of the timber markers (test 
#1) and instrumentation (test #2) in the material could be determined. The 
location of the instrumentation in the burden, markers and backfilled 
instrumentation was defined by means of a total station pre- and post-blast. 
Following these measurements, the change in the occupied area of the backfilled 
material in a 2-D plane was calculated. Then, the volumetric change 
(compaction) was correlated with that area.  

After the blast, the new face of the intact rock was recorded accurately with 
geo-referenced 3D imaging technique 3GSM (2010). This measurement 
identified the shape of the new face of the pillar (intact rock) after the blast.  

2.3.1 Instrumentation and installation techniques 
The design was based on earlier work done by Wimmer (2012). The system had 
a telescopic design where the anchor and the pulling tube were moving while 
the protective pipe was stationary and anchored in the rock. The main parts of 
the measurement system were (Figure 9):  

the anchor where the accelerometers were located,  
an armored cable which passed through a pulling tube,  
a protective pipe which minimized the risk of damage to the armored 
cable and which was located in between the blastholes,  

a custom-made potentiometric displacement sensor was located in the 
protective pipe together with a spiral cable which was connected with a 
logging cable (not visible in the figure),  
the signal conditioner where the logging cable was connected, and the 
data acquisition system (not visible in the figure). 

 

Figure 9 The measurement system 

In test #1, every measurement system was equipped with one piezoresistive 
uniaxial DC accelerometer from Measurement Specialties (Model 3038), one 
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piezoelectric triaxial accelerometer (Model 834M1) from Measurement 
Specialties and one piezoelectric accelerometer from Endevco (Model 2255B-
01). In addition to these sensors, a custom-made potentiometric sensor for 
measurement of displacement was installed in the protective pipe. 

In test #2, in 8 out of the 10 systems, the sensors installed in the anchor 
comprised two accelerometers; one piezoelectric uniaxial accelerometer from 
PCB Piezotronics (Model 350B-03) and one piezoelectric triaxial accelerometer 
from Measurement Specialties (Model 834M1). In the other 2 systems, one 
piezoelectric accelerometer from Endevco (Model 2255B-01) and one 
piezoelectric triaxial accelerometer from Measurement Specialties (Model 
834M1) were installed. Only the systems installed through the pillar (M1-M6) 
had the custom-made potentiometric displacement sensor. All the sensors were 
connected to a signal conditioner and a logging unit located at the neighboring 
crosscut (Figure 7) of the pillars. Each system had a dedicated signal conditioner 
and logging unit. Independent systems were installed in the event of 
malfunctioning or of failure being triggered. 

In test #2, the instrumentation in the backfilled material was only the anchor 
part of the measurement system (Figure 9) which was attached to a steel plate. 
The anchor contained one piezoelectric uniaxial accelerometer from PCB 
Piezotronics (Model 350B-03) and one piezoelectric triaxial accelerometer from 
Measurement Specialties (Model 834M1) which were connected to the logging 
unit via an armored cable. This instrumentation did not use any pulling tube or 
protective pipe. 

A proper anchoring of the measurement systems ensures measurement of the 
burden movement alone and not of a differential movement between the 
measurement systems and the burden. The regular Portland concrete shrinks 
during curing which might create points with no contact between the 
measurement system and the borehole walls. Concrete specifications were low 
curing temperature due to the sensitivity of the accelerometers in the anchors of 
the measurement systems, good adhesion with the borehole wall and low 
viscosity. Thus, a self-expanding concrete was developed to compensate for the 
shrinkage. The concrete recipe which was developed was a water/cement ratio 
of 0.5 and aluminum powder 0.2 wt%. The maximum curing temperature was 
40oC which was reached 8 hours after casting. 
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The same recipe was also used for the stemming material due to short stemming 
length in test #1. The use of this grout recipe for the stemming required some 
precaution measures as shown in Figure 10. A separation between the explosives 
and the grout was required (a plastic plug was used for this), and access to the 
explosive column was essential. Therefore, a mold was created with two PVC 
lids to cast the stemming. 

 

Figure 10 Stemming configuration 

A definition of the initiation scheme was necessary to minimize the risk of a 
misfire and to initiate both blastholes simultaneously. The explosive used was an 
emulsion (Kimulux KR0500 repumpable with 4% aluminum produced by Kimit 
AB) as used in SLC production rings at the Kiirunavaara mine. The initiation 
technique included a pair of twisted detonating cords (20 g/m) in each blasthole. 
A primer with an electric detonator was equidistantly placed from the explosive 
column and attached on both twisted detonating cords. 
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3 Results and Analysis 

3.1 Laboratory compaction tests  

The compaction results from the impact tests showed the behavior of the tested 
material under dynamic loading at different applied compactive effort, as shown 
in Table 1. Figure 11 shows the results of dynamic and static measurements for 
the dry material impact tests at the different locations of the sensors as shown in 
Figure 5. The data was averaged from all the tests for each configuration. The 
first set of measurements was taken at the impact surface. The dynamic 
measurements gave greater compaction compared with the static measurements. 
The dynamic measurements represent the maximum deformation which is larger 
than the final static deformation of the tested material. The compaction at 50 
mm and 150 mm below the impact surface varied between 3.2 and 12.2%, and 
0.5 and 4.3%, respectively. 

 

Figure 11 Compaction results from the impact tests at different setups for dry conditions 

Table 4 shows the averaged impact duration for each configuration. The low 
compactive effort gave longer impact duration than the medium and high 
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compactive effort. In other words, the drop hammer compressed the tested 
material for a longer time period. The effect of this can be seen in Figure 11, 
where the final compaction (static measurement) of the material is larger for the 
low compactive effort than that for the medium and high compactive effort.  

Table 4 Impact duration of drop hammer for the dry conditions 

Set-up Impact duration (ms) 
Low 12.0±0.7 

Medium 9.7±0.8 
High 8.3±0.8 

The results in Table 4 show that the material under low compactive effort 
exhibits larger residual deformation than that for the higher compactive effort. 
This may be explained by the particles having more time to relocate and rotate 
with low compactive effort than with the other test configurations where the 
particles were compressed against each other without significant relocation. On 
the other hand, the high and the medium compactive effort gave larger dynamic 
compaction than the low compactive effort. The dynamic measurements 
included both elastic and plastic deformation of the tested material. 

The sieving analysis of the tested material showed that the particle size 
distribution was not affected by the compactive effort since there was no 
significant change after the impact tests. However, visual observations showed 
that the edges of the particle were broken, especially for the particles in direct 
contact with the drop hammer. 

The angle of repose was measured pre- and post-impact. The initial angle of 
repose of the material was 29o, but in the mold the angle was overestimated to 
58o due to the circularity of the mold. The angle of repose after the test was not 
noticeably changed and the critical angle was between 72o and 79o, i.e. the total 
collapse of the tested material occurred at that angle. The changes in the angles 
(initial and critical) need to be considered in a relative way rather than as 
absolute values. The error is systematic and is the same because the same mold 
was used in every test. 

The compaction results at different compactive effort on the wet material are 
shown in Figure 12. The data was averaged from all the tests for each 
configuration. The maximum compaction did not exceed 50% for any of the 
tests as was the case in the dry material. The largest dynamic compaction for the 
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impact surface was observed for the medium compactive effort followed by the 
low and high compactive effort. The range of the compaction for the static 
measurements at the impact surface of the tested material varied from 28 to 33%, 
for high/medium and low compactive effort, respectively. The compaction of 
the two points in the tested material varied from 5.4 to 7% for 50 mm and 6.8 to 
8.8% for 150 mm below the impact surface.  

 

Figure 12 Compaction results from the impact tests at different setups for wet conditions 

The impact duration was also calculated for the wet material (Table 5). A similar 
explanation, as in the dry material, can be given for the different durations 
between the different compactive effort. The longest impact duration gave the 
largest compaction. However, the medium and high compactive effort gave 
similar compaction, even with different impact duration. Hence, the presence of 
water might outweigh the effect of impact duration as the compactive effort 
increased, since it would reduce the friction coefficient between the particles in 
motion. 

 



Improved understanding of sublevel blasting 

26 
 

Table 5 Impact duration of drop hammer for the wet condition 

Set-up Impact duration (ms) 
Low 15.2±1.8 

Medium 12.1±0.3 
High 10.8±0.4 

The angle of repose before the impact tests was 67o, 63.8o and 63o for low, 
medium and high compactive effort, respectively. The variation in the angle of 
repose was due to particle variation on the impact surface of the tested material. 
It needs to be noted that the magnitude of the angles of repose was highly 
affected by the circularity of the mold. The angles of repose after the impact tests 
were 84 o, 89.6 o and 82 o for low, medium and high compactive effort. The 
larger angle of repose indicates that the mobility of the material is reduced due 
to particle-to-particle friction. The impact duration might explain this effect 
since the particles had more time than those in the dry material to 
relocate/rotate and the smaller particles had more time to fill the voids between 
the larger particles creating a more stable structure.  

The wet material in medium and high compactive effort exhibited apparent 
cohesion since the angle of repose was close to 90o. In some tests, the angle was 
more than 90o and this effect was not observed in the dry material. Hence, the 
presence of water changes the characteristics of the material, such as introducing 
tensile strength due to the surface tension. There is a moisture film surrounding 
the particles and changing the shape of the particles due to agglomeration 
creating clusters of particles which results in a more spherical particle 
configuration. 

If the static compaction measurements are isolated for both experimental 
configurations, i.e. dry and wet, the difference in the behavior of the materials 
will be pronounced. As can be seen in Figure 13, the compaction of the surface 
was larger for the low and medium compactive effort for the dry conditions than 
that for the wet material. However, it should be noted that in both 
configurations the low compactive effort gave the largest compaction. At 50 mm 
depth only the low compactive effort of the dry material showed larger 
compaction than the medium and high compactive effort. At the third 
measuring point (150 mm) the wet material showed larger compaction than the 
dry material. The larger compaction indicates that the compaction zone extends 
deeper into the wet material than in the dry material. This indicates that the wet 
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material is more susceptible to compaction. This can be explained by the 
presence of water which may have acted as a lubricant in between the particles 
when in motion. 

 

Figure 13 Cumulative results of the static measurements for both dry and wet materials 

In addition to the calculated compaction, the displacement data were further 
analyzed. The averaged displacement results from the impact tests were fitted to 
an inverse exponential function. The selection of the fitting equation was based 
on the literature, for example, Belen'kii et al., (1969) and Barker & Mehta, 
(1993) (2): =  (2) 

where y is the displacement of the measurement points in the tested material, x 
is the distance from the surface of the tested material and a, b are two empirical 
coefficients. The fitting results are presented in Table 6 with the coefficient of 
determination (R2) (> 84%). The displacement data together with the regression 
lines are displayed in Figure 14. 
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Table 6 Fitting coefficients for laboratory impact tests 

Set-up a b R2 Condition 
Low -3.8751 -10.3510 0.8408 Dry 

Medium -4.0043 -25.1122 0.9849 Dry 
High -4.3512 -21.7902 0.9916 Dry 

Low -3.5375 -8.1890 0.9210 Wet 
Medium -3.4043 -6.9391 0.9386 Wet 

High -3.5136 -7.1262 0.9116 Wet 

The initial value (a) for the fitting model seems to be dependent on the drop 
hammer dynamics since it depends on the drop hammer displacement after 
being in contact with the tested material. As can be seen in Table 6, the 
difference in the slope coefficient (b) is distinguishable for the different setups. 
This parameter seems to be dependent on the material characteristics. Thus, the 
presence of water alternates the material characteristics by introducing tensile 
strength and, as mentioned above, the extent of the compaction zone is 
significantly larger than that in the dry conditions. 

 

Figure 14 Displacement data and fitting lines 

3.2 Small-scale blast tests 
In the small-scale blast tests, the average burden movement from 8 confined tests 
was calculated based on the nails method and can be seen in Figure 15. The 
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burden accelerates up to 29±4.5 m/s at 6.7 mm from its initial position and 
reached the maximum displacement of 12.6 mm.  

 

Figure 15 Burden movement in small-scale tests 

The detached plate in Figure 16 from the face of the burden indicates that the 
burden was moved backward after reaching its maximum position (black arrow 
in Figure 16). It is believed that the burden was pushed back due to stress 
relaxation in the compacted material as the loading force by blasting decreased. 
This motion of the burden could not be measured since the method used (nails) 
was a one-way incremental measurement method. Moreover, in Figure 16 it can 
be seen that the burden seemed to move as one slab which compacted the 
confining material.  However, after removing the confining material, the burden 
broke apart into significantly smaller particles. This behavior indicates that the 
fracture network was developed, but the burden did not have enough space to 
swell due to the material confinement, i.e. spatial restrictions. 

The accelerometers and draw wire sensor are not recommended for this type of 
test. The accelerometers were installed very close to the blastholes (< 50 mm) 
which caused saturation of the sensors by the shock wave from the detonation of 
the explosives and exceeded the dynamic range (100 000 g) of the sensors. The 
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draw wire is very slow for these measurements and the mechanical parts are too 
weak to withstand these accelerations.  

 

Figure 16 Burden observation after blast 

The confining material was collected after each blasting test for sieving analysis. 
Table 7 shows the results of the analysis. Several comparisons can be made 
between the different set-ups. The comparable quantity is the mean particle size 
(x50). The different experimental setups can be seen in Table 2. The confining 
material from Block #1 (B1) can be compared with the material from B3 in 
terms of firing pattern.  The V-shaped firing pattern showed a reduction of the 
mean particle size by 15.3% for row 1 and 9.4% for row 2 compared with the 
initial mean particle size of the confining material. The setup in B3 showed a 
reduction of the mean particle size by 37.5% for row 1 and 36.8% for row 2. It 
can be observed that the difference in the mean particle size between the two 
blocks is significant; hence, the different directional movement of the burden has 
an effect on the confining material size. 

B3 can be compared with B4 in terms of delay time. The shorter inter-hole 
delay time of B3 (at 110 μs) shows a noticeable reduction of the median 
fragment size, 37.5% and 36.8% for row 1 and row 2, of the confining material 
compared with longer delays of B4 (at 218 μs). One possible explanation is that 
the burden has not stopped moving during the detonation of the neighboring 
blasthole; hence an additional pressure was applied to the moving burden. This 
might compact the confining material more during a shorter time exceeding the 
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yield strength of the material. In other words, the burden dynamically 
compresses the confining material with a higher velocity due to the intensity of 
the compressive pulses. The particles in the material do not have enough time to 
be redistributed; hence it results in over-compaction and crushing of the 
particles. 

Table 7 Sieving analysis of the confining material 

Block and Row 
no. x50, mm 

Difference,  
% 

Confining original 8.2  

B1R1 6.9 15.3 

B1R2 7.4 9.4 

B2R1 4.9 40.5 

B2R2 5.5 32.9 

B3R1 5.1 37.5 

B3R2 5.2 36.8 

B4R1 6.4 22.2 

B4R2 7.9 3.8 

3.3 Pillar tests  

The results from the developed installation techniques demonstrated that they 
had the potential to be applied in future tests. The self-expanding grout using 
the recipe provided good adhesion between the surrounding rock and the grout. 
However, the high pressure of the grout in test #2 meant that moisture was 
pushed into some of the measurement systems. This caused short-circuit of the 
sensors. After the blast, the stemming material was still well-bonded to the rock 
on the half-casts of the blastholes. 

3.3.1 Test #1 
The burden movement in test #1 was measured by the potentiometric 
displacement sensor in one measurement system (M11), the second system 
(M12) failed to trigger on time. The maximum displacement measured by M11 
was 0.98 m (Figure 17) but it was not the final displacement due to elastic 
rebound of the confining material. The final displacement of the burden was 0.8 
m. The maximum burden velocity was 17-18 m/s as calculated from the slope 
(red line) in Figure 17. The estimated compactive effort with the measured 
velocity was 153 kN-m/m3. 
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Figure 17 Burden movement for test #1 

The displacement results from the timber markers in the confining material are 
presented in Figure 18. The calculation of the compaction of the confining 
material was not performed since the markers were not aligned in one plane 
with the measurement holes (M11 and M12) after the blast. 

 

Figure 18 Displacement results from test #1 
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A gap formation was observed between the new face and the blasted material. 
The burden was sliced perpendicular to the blastholes every 1 m after the 
stemming part to study the shape of the new face of the intact rock. The new 
face (intact rock) is colored blue, the rear side of the blasted burden is colored 
red and the face of the blasted burden is colored black in Figure 19. The body of 
the blasted burden is denoted by the red and the black lines. At the part of the 
charged columns nearest the stemming, the new face is relatively flat. After 
approximately 5 m an apex appeared (red arrow in Figure 19) on the wall and 
became more intense towards the bottom of the blastholes. The apex was 
formed due to simultaneous detonation of both blastholes. An apex was also 
observed in the small-scale blast test with simultaneous initiation of the 
blastholes. The gap was partially filled with fine burden erosion material, i.e. fine 
fragmented material from the vicinity of the blastholes and the rear side of the 
burden. The maximum size of the gap was 0.8 m. In-situ observations showed 
that the gap became smaller towards the bottom of the blastholes. 

 

Figure 19 Gap between new face and blasted burden for test#1 (red denotes the blasted 
burden, blue is the new face and black is the face of the blasted burden) 

The angle of repose before the blast was 33 . After the blast, the angle was 
measured at 3 different slopes during mucking. The 1st, 2nd and 3rd slope angles 
were 48.3 , 46.7  and 48.8 , respectively. The order of the angles was from the 
entrance of crosscut 436 towards the caved material. In-situ observations showed 
that during mucking the material formed very steep angles and even negative 
angles, i.e. the material could support itself, especially in the region close to the 
burden, but the bond with the face of the burden was very weak. This indicates 
that the material was heavily compacted by the blast, but the material skeleton 
was very unstable and sensitive. Even vibrations caused by the loader disturbed 
the material structure causing the collapse of the backfilled material slope. 
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3.3.2 Test #2 
An example of the recordings in the backfilled material is shown in Figure 20. 
The recordings were from M8 located 2.4 m from the burden. Figure 20 (a) 
shows the measured acceleration. Figure 20 (b) and Figure 20 (c) show the 
calculated velocity and displacement of the system. The calculated maximum 
displacement was 0.42 m and the measured displacement by a total station was 
0.48 m. The difference between the two values is due to the characteristics of 
the sensor.  

 

Figure 20 Results from M8 in the backfilled material 

The final displacement results of the burden and the instrumentation in the 
backfilled material are presented in Figure 21. The results correspond to two 
profiles along the systems M4 – M9 and M5 – M10. 
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Figure 21 Displacement results from test #2 

The calculated compaction was derived from the displacement data and was 
15.4% and 9.1%, for the M4 – M9 and M5 – M10 profiles respectively, as can 
be seen in Figure 22. The compaction results from the systems in the backfilled 
material were heavily biased by the irregularities of the wall of the crosscut. 
There were air pockets, especially at the roof of the crosscut, which could not 
be filled with the backfilled material. Moreover, any attempt to push the 
backfilled material towards the roof would have introduced artificial compaction. 

Except for the two profiles (M4 – M9 and M5 – M10), the overall change of the 
cross-sectional area of the crosscut can also be correlated with the overall 
compaction since it has a defined area. Hence, the measurement of the burden 
movement can give the change of the overall compaction of the backfilled 
material. The final displacement of the burden in the caved mass region was 0.6 
m which can be directly related to a reduction of the overall compaction in the 
caved masses to 5.1%. In the backfilled material the overall compaction was 9.9% 
and 9.3% for the M4 – M9 and M5 – M10 profiles, respectively. The calculation 
of the overall compaction for the caved masses was carried out based on the 
assumption that the crosscut had a roof and the area was defined. The change of 
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the overall compaction between the backfilled material and the caved masses 
may be caused by the caved masses being naturally compacted by the material 
column above. Thus, the resistance to compaction is higher than that of the 
backfilled material. 

 

Figure 22 Calculated compaction from displacement data for test #2 

The data showed the shape of the gap between the intact rock (blue), the blasted 
material (red) and the face of the burden (black color) (Figure 23). The length of 
the analysis was restricted to 14 m due to limited access in the caved masses 
region of the pillar. The maximum size of the gap was approximately 1 m in the 
area with the backfilled material. However, the gap in the caved masses was 
smaller. In-situ measurements and 3D laser scan data showed a maximum value 
of 0.6 m in the interference zone, i.e. the transition from the backfilled material 
to the caved masses. Moreover, the size of the gap seemed to decrease with 
increasing depth in the caved masses. The gap was partially filled with the 
burden erosion material which was finer than the blasted material. An apex 
appeared in between the blastholes as in test #1. 
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Figure 23 The gap between the intact rock and blasted material for test #2 (red denotes 
the blasted burden, blue is the new face and black is the face of the blasted burden) 

The angle of repose before the blast was 29 . The angle of repose after the blast 

was measured on 4 different slopes, resulting in 43 , 63 , 73  and 66 , from the 
entrance of crosscut 433 towards the caved masses. The large difference between 
the 1st angle and the rest of the angles was due to its location. The slope was 
measured close to the stemming part of the blastholes where the burden 
movement was limited. 

The burden as expected moved as one slab due to simultaneous initiation of the 
blastholes (Figure 24). The velocity was approximately 20 m/s. This velocity 
resulted in a compactive effort of 137 kN-m/m3. The compactive effort was 
calculated only for the part of the pillar with the backfilled material. The volume 
of the material in the caved mass region was not defined due to lack of the roof 
of crosscut 433. The difference of the compactive effort between test #1 and test 
#2, i.e. 16 kN-m/m3, can be considered minor due to the variation of the 
velocity and the cross-sectional area of the burden.  

A visual inspection of the burden after blast showed that it was intact. However, 
a fracture network developed during blasting and fragments fell apart during 
loading. A similar effect was also observed in the small-scale blast tests when very 
short initiation was used. The burden moved as one slab due to simultaneous 
initiation of the blastholes. Based on this burden movement, the maximum 
compaction of the backfilled material was achieved. In Figure 24, the red box 
denotes the location of the right image which shows the gap between the 
burden and the intact rock, the upper blasthole (blue line) and the burden 
erosion material. Additionally, there was no mixing of the blasted material with 
the backfilled material in any of the pillar tests which contradicts what Kvapil 
(2004) proposed for production SLC rings. 
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Figure 24 The burden of test #2 after blast, the gap between the intact rock and the 
burden with the burden erosion material  

The over-compacted backfilled material in the vicinity of the burden (< 1 m) 
was examined. The material had the appearance of agglomerations at the face of 
the burden. The material was stable without support. This indicates that 
apparent cohesion between the smaller particles has occurred. This cohesion was 
also observed in the laboratory impact tests. The angle of repose was more than 
90o: the frictional forces and the cohesion between the particles have become 
significant.  

3.4 A fitting model for the displacement results 

The displacement data from test #1 (timber markers), test #2 (static 
measurements) and burden movement from both tests were analyzed and the 
same fitting model was applied as for the results of the laboratory impact tests. 
Figure 25 shows the fit of (3): =  (3) 

where y is the displacement of the sensors in the burden and in the backfilled 
material, x is the distance from the burden face and a, b are two empirical 
coefficients. The fitting results gave a good approximation with the displacement 
data (Table 8 and Figure 25). 
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Table 8 Empirical coefficients fit 

a b R2 
Test #1 -0.0248 -0.2105 0.9967 

Test #2 Systems 7-9 0.0895 -0.3358 0.9952 
Test #2 Systems 8-10 -0.1300 -0.2704 0.9912 

The dashed lines show the extrapolation of the displacement up to a distance of 
10 m from the face of the burden (5 times the burden for test #2). The cut-off 
value of the displacement was set by the instrumentation to approximately 0.2 
m. As can be seen in Figure 25, in test #1, the fitting model indicates larger 
displacement for a greater distance than that of the results from test #2. The size 
distribution of the backfilled material in test #1 differed from the size 
distribution of the of the backfilled material in test #2. Hence, the coarser 
material (test #1) shows a larger compaction zone than the finer material (test 
#2). The initial value (a) may be dependent on the burden behavior since it 
depends on the burden displacement. The slope coefficient (b) may be 
dependent on the confining material characteristics since the two lines from test 
#2 tend to overlap. 

 

Figure 25 Combined results of burden and instrumentation movement in test #1 and test 
#2 
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4 Discussion  

The drop hammer in the laboratory impact tests, the burden in the small-scale 
blast tests and the burden in the pillar tests showed a similar behavior. In all tests, 
the confining material acted as a spring due to the compression by the burden 
during blasting and then pushing the burden backward due to its elastic 
rebound. Figure 26 shows a time-velocity graph representing a conceptual 
model of the burden behavior during blasting under confined conditions.  

 

Figure 26 Conceptual model of the burden behavior during confined blasting 

The time span between the origin and t0, in Figure 26, is the required time from 
the detonation of the explosives and gas expansion until the burden starts 
moving. At time t1, the burden reaches its highest velocity. In the pillar tests, the 
velocity varied 17-20 m/s and in the small-scale blast tests the average peak 
velocity was 29±4.5 m/s: similar observations were made by Wimmer (2012) for 
pillar tests and by Rustan (1970) for small-scale confined blasts. At t1, the 
compaction of the confining material is not at the maximum due to the 
deceleration part of the burden that follows.  
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During the time span from t0 to t1, the starts moving toward the confining 
material. The particles in the confining material start rotating and relocating to 
fill the voids within the mass to sustain the applied force by the burden.  

At point t2 the burden momentarily has ceased (red dashed line in Figure 26) 
because the kinetic energy is not enough to further compact the confining 
material and the vector of the applied force is reversed, i.e. the confining 
material pushes the burden towards the intact rock. At point t2, the compaction 
reaches its maximum value. The over-compacted material in the vicinity of the 
burden (< 1m) might appear at this stage with a very large angle of repose and 
apparent cohesion, if there are small size particles and water, which indicates 
high frictional forces in between the particles, as was observed in test #2 (see 
section 3.3.2) and in the laboratory impact tests (see section 3.1).  

The time span between t2 and t4 dilation occurs due to volumetric expansion of 
the confining material. During this time, the burden moves backward due to the 
elastic rebound of the confining material. For example, in test #1, the burden 
moved backward from 0.98 m to 0.8 m (one example is seen section 3.3.1). The 
final point t4 is when the force equilibrium is achieved and there is no motion of 
the materials. The contact zone between the burden and the confining material 
is under compression in the time span from t0 and t4. However, during this time 
span different compression rates are applied to the confining material and on the 
burden. The burden compacts the confining material with higher velocity than 
the velocity that when the confining material compacts the burden.  

The compaction of the burden is due to the elastic rebound of the confining 
material. The burden compaction is partially compensated by the burden 
movement and the compaction of the burden erosion material. The burden 
erosion material originates from the vicinity of the blastholes (crushed zone) and 
the rear side of the burden. This material is more finely fragmented than the 
main body of the burden as can be seen in Figure 24 below the blue line.  

When the burden movement had stopped, i.e. when t>t4, a gap was observed 
between the blasted material and the intact rock. This gap was partially filled 
with the burden erosion material. The size of the gap depends on the packing 
degree of the confining material as observed in test #2, where it was reduced 
from approximately 1 m in the backfilled material to 0.6 m in the caved masses 
region.  
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The compactive effort was used in the laboratory tests as a measure of the 
applied energy to observe the behavior of the tested material during dynamic 
loading. The same approach was also applied in the blast tests. The compactive 
effort applied by the burden on the confining material is dependent on the 
burden velocity and the volume of the confining material. Thus, in test #2, the 
calculation of the compactive effort was not wholly possible due to the 
undefined volume of the confining material behind the floor line of the 
muckpile in the caved masses (Figure 8). The requirement of knowing in 
advance the volume of the confining material is the main limitation of the 
application in the compactive effort in confined blasting. Another limitation is 
the delay time between the blastholes; it produces several pulses that compact 
the confined material as the blastholes initiate. Although, the calculation of the 
compactive effort takes into consideration multiple blows (as delay during 
blasting), it is a complex task to distinguish between the pulses when the delay 
time is short ( sec) as in the case of the small-scale blast tests.  

The calculation of the compaction in the laboratory apparatus was based on the 
volumetric change of the tested material between the sensors during the impact. 
But for the confining material for the two profiles (M4-M9 and M5-M10) in 
test #2 (Figure 8), the calculation was found to be too complex to be accurately 
done due to irregularities of the roof. After the analysis of the pillar tests, it was 
found that it is better to measure the displacement of an object placed in a 
backfilled material than to calculate the compaction which is a volumetric 
quantity. However, the estimation of the overall compaction only based on the 
burden displacement was made in the two pillar tests. The backfilled material 
showed larger compaction than the caved masses, i.e. approximately 9-10% for 
the backfilled and 5% for the caved mass part with the assumption of the same 
crosscut area. These results are in good agreement with previous pillar tests done 
by Wimmer (2012) where the backfilled material was coarser than that in test #2 
and similar to that in test #1. The difference in the compaction values between 
the backfilled material and the caved masses can be explained by the different 
boundary conditions that apply in each case. The backfilled material had 
different packing density than that of the caved masses. Additionally, the filling 
percentage of the crosscut was not 100% due to roof irregularities. Another 
difference between the backfilled material and the caved material was the 
confinement. The backfilled material was placed in a crosscut, i.e. confined by 
the wall/roof of the crosscut. On the other hand, the caved material was not 
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confined since it was a result of a production SLC blast, i.e. there is no roof to 
confine the caved material. 

The angle of repose of the different materials used as backfill was measured pre- 
and post-blast (see sections 3.3.1 and 3.3.2). It was measured along the axis of 
the backfilled crosscuts. After the blast, the difference in the angle of repose for 
the two backfilled materials in test #1 and test #2 was distinguishable. This can 
be explained by the fact that there was a difference in size distribution since the 
finer material showed a steeper angle of repose than did the coarser material. 
Moreover, the backfilled material in test #2 was in a pendular state which 
introduced tensile strength in between the particles promoting agglomeration. In 
other words, the compacted material in test #2 exhibited apparent cohesion. It 
was visually verified during the mucking process that the backfilled material in 
test #2 formed vertical walls in the vicinity of the burden and the material 
structure was not as sensitive as in test #1. Apparent cohesion was also observed 
in the laboratory tests. 

The displacement results from the laboratory and the pillar tests were 
approximated with an inverse exponential function which gave good fitting 
results from both tests. The results from the small-scale blast tests could not be 
fitted in the function due to the nature of the used measurement method (see 
section 2.2), since it was a unidirectional method. The coarser backfilled material 
in test #1 showed a larger compaction zone than the finer backfilled material in 
test #2. The results from the pillar tests showed that the size distribution of the 
confining material might be a significant parameter that affects the size of the 
compaction zone. Also, the reaction of the confining material during blasting 
seems to be dependent on the content of water which can be seen in the change 
of the angle of repose. This change of the angle was also observed in the 
comparison between the dry and wet material conditions in the laboratory tests.  
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5 Concluding remarks 

The thesis presents new experimental techniques for conducting compaction 
tests at different scales. Additionally, it describes the development of laboratory 
apparatus as well as instrumentation for pillar and potentially for full-scale tests. 
After conducting a series of tests including 43 laboratory impact tests, 41 small-
scale blast tests and 2 pillar tests, the main conclusions of the thesis are presented 
below in the form of answers to the research questions. 

RQ1: How does the confining material behave during blasting? 

The particles in the confining material rotate and relocate to fill up the voids in 
the material. The volume of the particles is elastically and plastically compressed 
without exceeding the strength limit of the particles since the tests did not cause 
any observable change in the particle size distribution of the confining material. 
This results in the development of a counteracting force to the burden. Under 
specific conditions, such as small size particles and the presence of water, the 
confining material can be over-compacted. Such over-compaction alters the 
characteristics of the material by introducing apparent cohesion which is the 
result of surface forces. These forces were promoted by the small particle size 
and the water. The over-compacted material shows a large change of the angle 
of repose indicating high frictional forces which contribute to the apparent 
cohesion.  

RQ2: What is the effect of confining material on burden behavior 
during blasting? 

The confining material restrains the burden movement and does not promote 
fragmentation. Even if the fracture network was developed in the burden, the 
body of the burden was seemingly intact due to confinement Moreover, the 
confining material, after the burden reaches its maximum displacement, applies 
counteracting forces to the burden resulting in a movement of the burden 
towards the remaining rock. One potential outcome of this movement can be 
the compaction of the burden erosion material located in the gap between the 
burden and the remaining rock. 
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RQ3: How far does the compaction zone extend from the burden? 

The displacement results from the pillar and the laboratory tests were fitted in an 
inverse exponential approximation. The extent of the compaction zone is 
dependent on the confining material characteristics such as particle size 
distribution, water content and initial compaction, i.e. compaction by the 
weight of the caved material when considering SLC production rings. The 
compaction zone extends approximately 4 to 5 burdens into the confining 
material based on the inverse exponential approximation. The size of the 
compaction zone was limited by a displacement cut-off value of the used 
measurement systems which was 0.2 m.  

RQ4: How can the burden behavior be monitored? 

Based on the experimental work described in this thesis, the burden behavior 
can be observed in two ways, i.e. dynamically and statically. In the dynamic 
measurements, accelerometers, for example, can be installed in the burden. The 
installation of the sensors includes proper positioning in case of very long 
measurement holes and firm grouting to avoid differential movement between 
the sensor and the surrounding rock mass. New installation techniques were 
developed in this study and these techniques performed according to plan. In the 
static measurements, the definition of the burden location is required pre-blast 
and post-blast. 
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6 On-going work and recommendations for Future Research 

6.1 Full-scale SLC test 

A study of the burden and its interaction with the caved material is ongoing. 
The burdens of two production SLC rings were instrumented with 
accelerometers, reflectometry cables as well as draw wire sensors (Figure 27). 
The purpose of the full-scale SLC test is to study the burden behavior in 
confined blasting. 

 

Figure 27 Plan for the full-scale tests 

The two production SLC rings are located at block 26, at level 1051. A total 
number of 12 measurement holes were horizontally drilled in each ring from the 
level above (level 1022). The measurement holes covered the middle and upper 
region of the rings. The purposes of these holes are: 

1. TDR cables will show the boundaries of the rings since the rock breakage 
can be identified by the shearing of the cable. The TDR cables were 
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installed at the upper perimeter of the rings (Wimmer & Ouchterlony 
2008). 

2. The live systems are equipped with accelerometers (triaxial and uniaxial) 
and the potentiometric displacement sensors are used in the pillar tests and 
are grouted almost in the middle of the burden. The purpose of these 
systems is to measure burden acceleration and displacement. From the 
acceleration measurements, the behavior of the burden during blasting can 
be observed. The maximum displacement can be measured by the 
potentiometric displacement sensor since it is a unidirectional sensor. 

3. The draw wire systems were used for boulder tracking. The anchor of a 
measurement system was grouted in the burden and it was connected with 
a draw wire to follow the path of the potential boulder. 

4. The inspection holes were used for instrumentation since some of the 
holes had collapsed. 

A revision of the measurement systems was required to minimize the risks of 
failure as observed in test #2. The anchor needed to be waterproof where the 
accelerometers were located. A modification of the measurement system had to 
be combined with the draw wire sensor. Additionally, some tools needed to be 
developed for installation purposes of the measurement systems since the 
measurement holes were very long (up to 55 m). These tools were packers for 
grouting and adaptors for the charging truck to push the systems at their 
predefined position in the hole. For this length, several factors need to be 
considered such as cavities, grouting procedure, blasthole crossing and proper 
positioning of the measurement systems in the holes.  

The full-scale test has the potential of providing crucial data for calibration of 
numerical models related to blasting in confined conditions and, additionally, of 
providing data regarding the burden behavior and the gravity flow of the blasted 
material. 

6.2 Recommendations for Future Research 

The study of the behavior of the caved masses during blasting would further 
improve the understanding of the mechanisms involved in gravity flow. 
Examples of this are: particle-to-particle interactions, over-compacted material, 
apparent cohesion and arching structures. These mechanisms would be 
correlated with: 
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delay times between the blastholes, 

particle size distribution of the confining material,  
burden erosion material, 
SLC layout, 
water in the confining material and, 
different specific charges along the burden.  

Study of the above mechanisms and any potential influencing factors could be 
carried out by means of a series of small-scale blast tests with an SLC layout 
having an uneven distribution of specific charge. The small-scale blast tests could 
be the starting point of the study because several parameters could be controlled. 
Examples of this are: material properties, water content and particle size 
distribution of the confining material. The confining material would need to be 
instrumented with dynamic measurement systems and objects (markers) for 
tracking the flow of the blasted material. The dynamic instrumentation would 
need to be placed in several profiles in the confining material to show the extent 
of the compaction zone as well as the force distribution of the burden 
movement on the confining material.  

The recommended study would observe the contribution of the above factors to 
the flowability of the blasted material. Additionally, the results could be used for 
numerical modeling calibration. 
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cdeefg�hi�jk�P\]ÎT�56G;235713;D�3=;�/@4D;6�/;=1G58@4�
@6D;4�986X6;D�986D535862�/:�<8@4�=10<>2910;�3;232�56�3=;�?54@61�
A56;B�C=;�15A�8<�3=;2;�3;232�E12�38�56G;235713;�3=;�D:61A592�
8<�/@4D;6�A8G;A;63B�C=;�D45<3�56�<4863�8<�3=;�/@4D;6�E12�
X00;D�E53=�E123;�489HB�M8E;G;4N�3=;�A13;4510�F48F;435;2�
E;4;�683�D;X6;D�56�D;3150B�C=;�56U@;69;�8<�3=;�F48F;435;2�
8<�3=;�E123;�489H�86�3=;�/0123�4;2@03�E12�683�;G10@13;DB�C=;�
4;2@032�5AF05;D�3=13�3=;4;�52�1�/19HE14D�A8G;A;63�8<�3=;�
/@4D;6�1<3;4�53�4;19=;D�532�A1L5A@A�D52F019;A;63�56�3=;�
986X6;D�A122;2B�l5A5014�/;=1G58@4�=12�/;;6�8/2;4G;D�56�
2A100>2910;�3;232�P[;348F8@082N�m8=162286�16D�K@9=3;4086:N�
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