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Abstract 

Drill and blast is a dominant technique in several surface and underground mines in the 
world. The purpose of this technique is to break rock mass into fragments, which can be 
handled by mining equipment.  

The identified major influencing factors in rock blasting are stress waves and gas 
pressurization. In underground mines, especially in sublevel caving mines, the blast is 
performed under confined conditions. Hence, one more category of mechanisms has to 
be taken into consideration which describes the behavior of granular materials.  

Several small-scale tests have been conducted in order to define parameters which affect 
fragmentation by blasting as well as to measure the burden behavior during blasting. The 
purpose of these tests was to investigate how firing pattern, confinement and inter-hole 
delay time influence the fragmentation. Additionally, an incremental relative distance 
sensor was developed to measure the burden movement during blasting. The results 
showed that the burden moved with a velocity of approximately 29 m/s. The V-shaped 
firing pattern gave coarser fragmentation compared with sequential firing pattern for both 
the blasted material and confining material. 

After the small-scale tests, a zero pillar test was conducted under confined conditions to 
evaluate and validate a newly developed measuring system. The purpose of this system 
was to measure the burden dynamics. The system was calibrated in laboratory conditions 
under dynamic loading. This system was based on a piston-like structure and it was 
equipped with accelerometers and a potentiometric distance sensor. In addition to the 
measuring system, several installation and initiation procedures have been developed. The 
results of the measuring system showed that the burden moved 0.98 m at a velocity of 
17-18 m/s. All the procedures performed as well as expected and designed. 

In addition to the study of blasting related mechanisms, the results of a blast also have to 
be measured. Sieving is usually not an option for large scale operations due to high costs. 
The alternative way is to implement digital image analysis. This procedure does not 
interfere with the production of a mine. Several trials have been conducted at the Aitik 
open pit mine to investigate the influence of short inter-hole delay time (1 ms, 3 ms and 
6 ms or 0.14 ms/m burden, 0.43 ms/m burden and 0.86 ms/m burden) on 
fragmentation. The examined mechanism was the interaction of stress waves between 
neighboring blastholes. The fragmentation results showed that the trial with 3 ms inter-
hole delay time gave a finer fragmentation by 10 % compared with reference blasts and 
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other trials. However, there was an indication that the large specific charge at the mine 
overshadows the stress wave interaction mechanisms. 

An additional set of trials was conducted at the Kiruna mine to investigate the gravity 
flow of broken material. The fragmentation measurements were done with 
SplitDesktop®. This is a digital image analysis software which calculates fragmentation 
based on a delineation process of the particles in an image. The aim of in these trials was 
to develop a procedure to minimize the image editing time. The application of ‘Unsharp 
Mask’ filter improved the image quality and enhanced the contrast between the particles 
combined with a quick rating system (developed by LKAB) so that the image processing 
time was significantly reduced from 2 hours to 10-15 minutes. 

 

Keywords: Burden dynamics, fragmentation, instrumentation, digital image analysis. 
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Definitions and Abbreviations  

AASHTO, American Association of State Highway and Transportation Officials 

ASTM, American Society for Testing and Material 

Burden movement, the velocity and maximum displacement 

Compaction, the result of compression and consolidation 

Confining material, artificial or natural material which lies in front of the burden  

Delineation, a process of finding and sketch particles on an image 

ISO, International Organization for Standardization 

JKMRC, Julius Kruttschnitt Mineral Research Centre 

KCO, Kuznetsov-Cunningham-Ouchterlony 

QRS, Quick Rating System 

Sequential firing pattern, firing a row of blastholes from one side of a bench or test block 
with defined delay time 

VoD, Velocity of Detonation 

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

Potentiometric system, is an instrument for measuring the potential (voltage) change 
along a resistance wire  

PCB, Printed Circuit Board 

SLC, Sublevel caving mining method 

TDR, Time Domain Reflectometry 

Zero pillar test, a test which has as primary aim to evaluate instrumentation and 
procedures 

Ortho images, a reconstructed 2D images to pseudo-3D images by means of 
photogrammetry software 
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1 Introduction 

Blasting is the dominant technique for modern mine operations. It is extensively utilized 
in both underground and surface mines. The primary purpose of this technique is to 
decrease operational costs and increase productivity by means of breaking the rock in 
pieces that are easy to be handled by the mining equipment. The main quantity which 
connects blasting performance with downstream costs is fragmentation. Fragmentation 
depends on several parameters such as local geology, blast design and explosive properties. 
The burden, the distance between the free face and the first row, plays a crucial role on 
the fragmentation results. Hence, a further understanding of the burden behavior during 
blasting is of great importance. Additionally, the measurement of fragmentation 
combined with burden measurements can enhance blasting results, which in turn directly 
affects productivity. 

1.1 Theoretical background 

1.1.1 Fracture dynamics 

Fragmentation has been subjected to extensive debate the last decades. Several researchers 
claim that the mechanisms involved in the blasting process have different effects on 
fragmentation. The two dominant mechanisms as discussed by Fourney (1993) are stress 
wave and gas pressurization mechanisms. Hino (1956) proposed the stress wave theory to 
explain the fracturing process in rock during blasting. This theory describes the behavior 
of a compressive wave after it reaches a free face. The compressive wave reflects back as a 
tensile wave and if the total stress exceeds the tensile strength of the rock, then fracturing 
may occur. This mechanism of breakage is known as spalling, (Duvall & Atchison, 1957). 
This theory is founded on two basic assumptions; the first is based on 1D wave theory 
and the second considers wave propagation in homogeneous isotropic material. 

Another stress wave theory is barrier branching. The name of the theory comes from the 
formation of a fracture net. The detonation of explosives creates two types of waves, i.e. 
P-waves and S-waves. Fourney (1993) describes a series of tests explaining the fracturing 
process when an compressional P-wave interacts with a free face and reflects back as a 
tensile. When the dilatational wave meets a radial crack, additional circumferential cracks 
are produced. During blasting, these cracks branch several times resulting in a net. The 
necessary condition for activation of this mechanism is that the free face is relatively close 
to the blasthole. Ouchterlony & Moser (2013) stated that this mechanism probably is a 
major primary source of fines. 
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The gas pressurization mechanisms are mainly described by the flexural rupture theory. 
The main contributions to this theory are Porter (1970), Coursen (1979) and Ash (1985) 
as listed by Fourney (1993). The main idea behind this theory is that the cracks propagate 
at the free face (at points of high tensile stress) and propagate towards the borehole. The 
major assumption of this theory is the quasi-static stress state at the region of the 
borehole. The reason for this assumption is that the action time of the shock wave is 
much shorter than the gas pressurization time. 

Ash (1985) explained the flexural rupture mode as a bending beam which is fixed at two 
points, top and bottom, in other words, collar and toe regions of a borehole. Porter’s 
(1970) findings contradict with the main idea of the flexural rupture theory since he 
found that the cracks propagate from the borehole and travel towards to the free face. 

1.1.2 Fragmentation  

The above described theories attempt to explain the mechanisms involved in the 
fracturing process by blasting. However, none of these mechanisms can enhance 
fragmentation by itself. A combination of them is required to have a satisfactory blasting 
performance (Fourney 1993, Brinkmann 1987 and Kutter & Fairhurst 1971). 

In addition to the shock wave stress and gas pressurization mechanisms other factors (blast 
geometry, charge distribution, delay time etc.) may also be involved in promoting 
fragmentation. These factors can be controlled by the blast designer. Over the last decade 
many researchers have investigated the effect of the inter-hole delay time on 
fragmentation. The theory of stress wave interaction in blasting was proposed by 
Kouzniak & Rossmanith (1998). After the introduction of electronic detonators, in the 
late 1990s, it became possible to evaluate this theory in field. A number of papers were 
published by Rossmanith (2000), Cunningham (2000), Vanbrabant & Espinosa (2006) 
and Blair (2009), explaining theories and showing results from tests. 

In 2002, Rossmanith (2002) published a paper which explains by means of Lagrange 
diagrams the interactions that take place between P and S-waves when a borehole is 
detonated at a given delay time. In Figure 1, the potential wave interactions are displayed 
when two neighboring holes are detonated simultaneously (1a) and with a delay time 
(1b). In this manner, it is possible to define the favorable wave interactions as well its 
location between the blastholes. However, Rossmanith (2002) does not mention which is 
the most favorable wave interaction promoting fragmentation but he claims that the 
fragmentation will be promoted. Work done by Chiappetta, (2010) and Vanbrabant & 
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Espinosa, (2006) supports this argument. On the other hand, small-scale tests have shown 
that there is no significant improvement in fragmentation when a stress wave interaction 
takes place Johansson & Ouchterlony (2013).  

Although the fragmentation process is a very complicated phenomenon which involves 
several mechanisms, the fundamental mechanisms are described above. The contribution 
of each mechanism in the fracturing process is not yet known since it is highly dependent 
on the topography and geological structures of the blasting site and blast design. The blast 
design corresponds to geometry, specific charge and delay time. The specific charge and 
geology seem to be the dominant factors for fragmentation results (Ouchterlony et al., 
2012 and Nyberg et al., 2006) based on full-scale tests conducted at the Aitik copper 
mine. 

 

Figure 1: Lagrange diagrams for wave interaction patterns (Rossmanith, 2002) 

The theories described above assume that there is a free face and that compressive waves 
will reflect back as tensile waves fracturing the rock. The concept of fragmentation 
becomes more complicated when there is no free face or it is partially covered with 
material from previous rounds, as in the case of surface blasting, or caved rock masses for 
underground production blasting. In the above described fundamental mechanisms, one 

a 

b 
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more mechanism has to be added. This mechanism is related to burden dynamics which 
reveals how the blasted mass behaves during blasting. This type of blasting is called 
confined blasting. It is usually implemented in underground sublevel production blasts 
and in open pit mines (which is called buffer blasting). The mechanics behind the 
confined blasting involve a part of the compressive wave travelling out of the burden into 
the confining material through the contact points and a part of the initial compressive 
wave reflecting back as tensile wave. This indicates that a lesser amount of energy will be 
carried by the reflected tensile wave. Small-scale tests have shown that fragmentation 
becomes coarser under confined conditions; Johansson & Ouchterlony (2011). The 
fragmentation changes have been observed by means of sieving analysis in small-scale tests 
and digital image analysis mainly in full-scale tests. 

There are several ways to evaluate fragmentation, for instance, sieving analysis, digital 
image process and measure oversize boulders.  

The sieving analysis is usually performed in small-scale tests due to the small amount of 
blasted material. In exceptional cases, this technique has been implemented in full-scale 
campaigns. This technique is based on ASTM, ISO and AASHTO standards which 
describe the entire sieving procedure.  

In half- and full-scale tests, it is very costly to perform sieving analysis due to the large 
amount of material and time required. In such cases, it is preferable to utilize image 
analysis for evaluating fragmentation by blasting. Van Aswegen & Cunningham (1986) 
used photogrphic comparison and called ‘Compaphoto’. The concept behind this 
method was to capture images with a scale object and to use them as ‘standard’ images 
calibrated based on sieving data. The scaling object had the same size as the median size 
of a ‘standard’ pile. At the beginning of the 1990s, researchers started using this technique 
and developing algorithms for fast image processing from muckpiles. Several systems were 
developed and most of them presented in a workshop held parallel with FragBlast-5 
named Measurement of Blast Fragmentation, for example WipFrag (Maerz, et al., 1996), 
IPACS (Dahlhielm, 1996), TUCIPS (Havermann & Vogt, 1996), CIAS (Downs & 
Kettunen, 1996), PowerSieve (Chung & Noy, 1996) and others. Before the workshop, 
Kemeny (1994) published a paper regarding the Split® system. Girdner et al. (1996) and 
Maerz et al. (1996) described the algorithms behind the Split® system and WipFrag. Both 
systems are based in digital image processing and utilize edge detection algorithms to 
define the particles on an image. After the particle detection, a net is created by means of 
a delineation process for defining the area (2D) of a particle and to proceed for calculating 
a 3D representation of the particle. The last part of the process has been debated by 
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several researchers, for example Cunningham (1996) and Outal et al. (2008). The next 
big obstacle in the digital image analysis process is the identification of the fine particles of 
a fragment distribution curve. At this stage software defines the smallest visible particle 
and sets a value, which is known as the fines cut-off value. Based on this value the image 
analysis systems apply a fragmentation model. The most common models used in these 
systems are Weibull-Rosin-Rammler distribution, where, P(x) is the distribution 
function, x is the particle size, x50 is the median fragment size and n is a parameter which 
shows the spread of the distribution (1)  

 (1)

 

and Gaudin-Schuhmann distribution, where P(x) is the distribution function, x is the 
particle size, xmax is the maximum fragment size and m is a parameter which shows the 
spread of the distribution (2).  

 (2)

 

The two parameters (x50 and n) or (xmax and m) in both distributions are defined from two 
points close to optical resolution of an image. Many studies have been done in order to 
solve the problem of fine particles. Kemeny et al. (1999) proposed a solution for the fine’s 
part of the curve with three steps. First, the cut-off value is estimated based on a 
histogram of delineated particle volumes. Second, the total percentage of volume less 
than the cut-off value is determined based on the non-delineated areas of the image. The 
final step is to apply one of the above described distributions to fit the fine’s tail of the 
fragment distribution curve. 

However, there are many limitations with digital image analysis techniques as listed by 
Sanchidrian et al. (2008). The first limitation is the accuracy of the delineation of particles 
which can be done either automatically or manually. Second, the image resolution has a 
significant effect on the results, especially in the tail of the size distribution. Third, the 
assumptions of volume calculations and homogeneous density of the material are not 
entirely realistic. Additional limitations have been observed by Petropoulos et al. (2013b). 
When the delineation is carried out manually, it is highly dependent on the user. If it is a 
single user the error is limited to approximately 1 %. Otherwise it can reach up to 30 % 
deviation among users. Another issue is the variation of images, especially in open pit 
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mines, where, in some cases, it is not possible to capture images of a muckpile directly. 
Instead images from loaded truck beds were captured. Another issue is the lighting 
conditions of a muckpile or truck position. It implies that this technique is also weather 
dependent for surface mines and requires very good lighting conditions in underground 
mines. The fragmentation result tends to be coarser at poor lighting conditions 
(Petropoulos, 2012). At the same time with the digital image analysis new fragmentation 
models appeared to predict fragmentation based on a blast design described below. 

Tools for fragmentation predictions 
In the 1980s, new fragmentation models were invented to describe and predict the results 
of a blast in a better way. 

The foundation of many fragmentation models was based on Kuznetsov (1973), who 
modified the Rosin-Rammler distribution to predict the median fragment size (x50) by 
taking into consideration the volume of blasted material (V0), the amount of explosives 
used (Q) and a normalized coefficient with respect to TNT equivalent charge. In 
addition to blast design characteristics, he introduced rock mass properties coefficient 
(rock mass factor A) into his function. 

 (3)

 

Cunningham (1983) presented the Kuz-Ram model, the modified model also takes into 
consideration the geometry of a blast design, by means of a uniformity index (n). Four 
years later, Cunningham (1987) combined the modified Kuz-Ram model with 
‘Compaphoto’ technique. The main limitations of the Kuz-Ram model are that it does 
not consider delay time, rock mass characterization has to be done very carefully (rock 
mass factor has become more descriptive) and its capacity to model fines. Kanchibotla et 
al. (1999) proposed the JKMRC modelling approach as the solution to the problem of 
fine particles by considering the application of the Kuz-Ram model for the coarse part of 
the fragment distribution curve and the Rosin-Rammler distribution for the fine tail of 
the curve. The last distribution has different values for n and x50. This model is called 
crushed zone model (CZM) as it is believed that the highest amount of fines comes from 
the immediate vicinity of a blasthole. Ouchterlony (2005) extended the Kuz-Ram model 
(or KCO model) and the Rosin-Rammler distribution was replaced with the Swebrec 
function (4) to predict fragmentation. The distribution function is a three-parameter 
equation taking into account the median fragment size (x50) based on modified Kuznetsov 
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equation from Cunningham (1983), the maximum fragment size (xmax) and the blast 
geometry through the curve-undulation parameter (b). 

 

(4)

  

The above described fragmentation models do not take into account the burden 
dynamics.  

1.1.3 Dynamics of burden movement 

Free face blasting is usually implemented in open pit mines. For an underground SLC 
mine, the situation is slightly different since in front of a new blasting round there is 
blasted ore from previous rounds or caved rock masses. (Figure 2).  

 

Figure 2: Examples of confinement in underground and surface blasting 

In addition to fracture mechanisms, the effect of granular material has to be taken into 
consideration, i.e. dynamic effect on and from the granular material. The behavior related 
to granular material is particle-to-particle interactions, particle rotation and relocation, 
intense segregation effect, dilatancy and kinematics of granular material (rheological 
behavior). The process becomes even more complicated since the behavior of these 
mechanisms change under dynamic loading, i.e. during blasting.  
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The interactions between the burden and confining material have not been studied in a 
detailed way. Small-scale tests have been conducted in this field but have been focused 
more on the effect on fragmentation than the mechanisms involved in the entire process 
(Volchenko 1975, Rustan 1970 and Johansson & Ouchterlony 2011). 

Some tests have been made in half-scale, i.e. underground pillar tests. Newman et al. 
(2008) conducted a half-scale confined pillar test at the Kiirunavaara mine to investigate 
ore swell and back breakage. The results showed that the swell varied between 2-17 %. 

Wimmer et al. (2013) made 2 half-scale pillar tests at the Kiirunavaara mine. The setup of 
the tests was composed of one free face and one under confined conditions. The pillars 
were equipped with instrumentation developed by Wimmer et al. (2013) to study burden 
dynamics by means of relative burden displacement.  

However, the properties of the confining material were not studied. It is not an easy task 
to measure the material properties in-situ, such as density which leads to void ratio, the 
degree of packing of the confining material and friction angle which is related to strength 
of the material, in other words, the compaction by blasting.  

The next chapter describes methods and techniques used in a variation of experiments 
related to fragmentation and burden dynamics, design of instrumentation for burden 
dynamics in different testing scales and finally fragmentation assessment by means of 
digital image analysis.  

1.2 Thesis objectives and research questions 
The thesis summarizes techniques and instrumentation which can be widely implemented 
from small- to full-scale experiments to measure fragmentation and burden dynamics 
under free face or confined conditions.  

The research aims to fulfill the following objectives: 

• To improve understanding of the burden dynamics in rock blasting 

• To evaluate the use of techniques to measure fragmentation 

• To develop an instrumentation which can measure burden dynamics in rock 
blasting 

• To evaluate different parameters that may influence the fragmentation 

From these objectives the following research questions were addressed: 
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1. What is the effect of blast design on confined burden movement? 
2. How can digital image analysis be improved in terms of fragmentation 

measurements? 
3. How can the burden dynamics be measured in rock blasting independently of scale 

and boundaries? 
4. What effect do delay, firing pattern and confinement have on fragmentation? 

 

The appended papers (1-4) examine these questions and provide answers related to 
performing different scale tests for evaluating burden dynamics and fragmentation. 

1. Petropoulos, N, Johansson, D & Ouchterlony, F 2012, Fragmentation 
under different confinement conditions and the burden behaviour: small 
scale tests.  

The main author has prepared and conducted the small scale tests. He has developed 
the measuring system. He has done the sieving analysis as well as the signal and results 
from the measuring system analysis. Finally, the paper has been written by the main 
author. 

2. N. Petropoulos, D. Mihaylov, D. Johansson, M. Wimmer & A. 
Nordqvist 2015, Design of equipment for dynamic burden 
measurements.  

The two main authors have developed methods and instrumentation, and analyzed the 
results. The paper has been written by the main author. 

3. Petropoulos, N, Beyglou, A, Johansson, D, Nyberg, U & Novikov, E 
2014, Fragmentation by blasting through precise initiation: Full scale 
trials at the Aitik Copper mine.  

All the authors have contributed to the digital image analysis process. The two main 
authors have made the comparisons between the examining parameters and written 
the paper. 

4. M. Wimmer, A. Nordqvist, E. Righetti and N. Petropoulos & M. 
Thurley 2015, Analysis of rock fragmentation and its effect on gravity 
flow at the Kiruna sublevel caving mine. 



Introduction 

10 
 

N. Petropoulos contribution in this paper was to supervise a MSc thesis student (E. 
Righetti) and together to develop a method for quick evaluation of fragmentation by 
means of digital image process. The paper has been written by the main author. 

Figure 3 shows the relation between the papers the research questions. 

 

Figure 3: Paper correlation to the research questions 
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1.3 Structure of the thesis 
The thesis is written based on IMRADC (Introduction-Methods-Results-Analysis-
Discussion-Conclusions) style. The introduction describes the fundamental mechanisms 
involved in burden dynamics and fragmentation. The methods section demonstrates the 
developed methods and instrumentation for measuring burden behavior and 
fragmentation. The results and analysis section discusses the results of burden dynamic 
measurements and fragmentation in different experimental scales. The last three chapters 
provide explanations and summarize, the results of the studies as well as recommendations 
for future work. 
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2 Methods and Techniques 

Burden dynamics define the fragmentation of a blast. A better understanding of the 
mechanisms taking place during blasting in the rock mass (burden), will significantly 
improve the blasting results by means of prediction and measurement tools. The 
fragmentation results show the performance of a blast. Fragmentation is a crucial factor 
for the downstream process of a mine. The type of mine defines the manner in which the 
fragmentation will be measured as well as the challenges.  

2.1 Instrumentation for burden dynamics 

Several researchers have studied the effect of different blasting conditions, i.e. free face 
and confined blasting, in different experimental scales. However, only a few researchers 
have developed and installed instrumentation for blasting conditions to dynamically 
investigate the burden behavior, these are Petropoulos (2011), Petropoulos et al. (2013a), 
Wimmer et al. (2013) and Petropoulos et al. (2015). 

2.1.1 Instrumentation for small-scale tests 

Petropoulos et al. (2013a) conducted a series of small-scale tests to investigate how the 
fragmentation and burden behavior are affected by different setups (Table 1), i.e. delay 
time, initiation pattern, specific charge and blasting conditions. The installed 
instrumentation was composed of ‘Nails’, accelerometers and draw wire as shown in 
Figure 4.  

Table 1: Experimental setup (Petropoulos, et al., 2013a) 

   *Different delay time in two rows, i.e. R1 (row 1) and R2 (row 2). 

The tests setup was composed of magnetic mortar blocks with dimensions of 
660x270x215 mm (LxHxW). There were two sets of blocks with 5 and 7 blastholes, 
respectively. The confinement material was composed of crushed concrete with x50 = 8.0 

Block 
No. 

Nominal inter-
hole delay time, s 

Specific charge, 
kg/m3

Firing 
pattern

Conditions 
No. of 
holes

1 110 4.16 V-shaped Confined 7 
2 290 2.56 Sequential Confined 5 
3 110 4.16 Sequential Confined 7 
4 218 4.16 Sequential Confined 7
5 290 2.56 Sequential Free 5 
6 0-R1* & 73-R2* 2.56 Sequential Free 5
7 290 2.56 Sequential Free 5 
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mm and xmax = 16.0 mm (Johansson & Ouchterlony 2011). The blocks were installed in a 
U-shaped yoke to define the boundary conditions and to minimize the effect of reflected 
waves. 

Figure 4: Instrumentation installed on the face of the block (Petropoulos, 2011) 

The ‘Nails’ is an incremental relative distance sensor. The principle behind this sensor is 
the detection of short circuit as the nail breaks a set of coaxial cables. The sensor is very 
simple and is composed of a pipe, i.e. 100 mm long steel (nail) pipe with holes where 10 
coaxial cables intersect and a steel rod Ø10 with one end sharpened in order to provide a 
clear cut of the coaxial cables (RG 174/U). The final parts of the sensor are stabilizers 
and a small steel plate for installing it on the face of the burden. The distance between the 
holes in the coaxial pipe was 1 mm and the resolution was 1.7 mm. The cables were 
connected with a pulse box followed by a logging unit. 

The nail method was considered as a reference method for measuring the burden 
movement. The term ‘burden movement’ indicates the time that the burden starts 
moving after the detonation of the explosives, the velocity of the burden and the 
maximum displacement. It is worth mentioning that the maximum displacement is 
different to the final displacement. 

2.1.2 Instrumentation for half- and full-scale tests 

After the small-scale tests, it was decided to increase the experimental scale by conducting 
a test in an underground pillar at the Kiruna mine. A similar test had been conducted by 
Wimmer et al. (2013). The instrumentation used in these tests was a measuring system 
equipped with accelerometers and an incremental relative distance sensor (black-and-
white coding stripe with a photoelectric sensor). The measuring system was a piston-like 
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system. It was composed of an anchor which hosted the accelerometers, a pulling tube 
and a protective thick pipe.  

Petropoulos et al. (2015) described the methods and procedures to conduct pillar tests in 
an underground mine. Procedures related to initiation scheme and proper anchoring of 
the measuring system in a borehole are discussed. The geometrical setup of a zero pillar 
test is shown in Figure 5. The dashed line shows the expected broken burden. 

 

Figure 5: The zero pillar setup 

The developed measuring system was inspired by the Wimmer et al. (2013) pillar tests. It 
was as well a piston-like system with a slightly different structure and sensors than the 
previous measuring system.  

The design criteria of the measuring system were: maximum measuring range of 2 m, 
robustness, not sensitive to vibrations, dust and moisture, and the electronics and sensors 
had to measure accelerations up to 6 000 g and survive accelerations up to 30 000 g. 
These design criteria do not consider the geometrical design of the measuring system. For 
this an additional set of criteria had to be implemented. First, the measuring system had 
to fit a borehole with a diameter of Ø 115 mm due to equipment availability. Second, 
the measuring system had to be able to compensate for minor borehole deviations. 
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Each measuring system had to be fully autonomous with its own power supply and 
recording unit. The purpose was to avoid losing data in the case of data acquisition 
system failure. One more parameter which had to be taken into consideration was that 
the measuring system had to be installed along the same axis as the direction of 
measurements. 

Figure 6 shows an enlarged view of the main mechanical parts of the suggested anchor 
and measuring system. The anchor is the most important part of the measuring system 
because it hosts the majority of the sensors. 

 

Figure 6: Enlarged view of the anchor and measuring system (Petropoulos, et al., 2015) 

The main parts of the measuring system are: 

• anchor with installed accelerometers,  
• armored cable inside a pulling tube, 

• protective thick pipe around pulling tube, 
• expandable spiral cable connected to logging cable, 

• potentiometric displacement measuring sensor, 

• signal conditioners and Data Acquisition System (DAS) outside of the measuring 
holes. 

 
Figure 7 shows the sensors and the components of the measuring system in a simplified 
manner. In this study all the PCBs have been custom-designed to fit the test requirements 
exactly. The purpose of this was to make two prototypes of the system to be tested in the 
zero pillar test.  
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The sensors in the anchor are three accelerometers, i.e. one AC response uniaxial from 
Endevco, model 2255B-01 (50 000 g), one triaxial from Measurement Specialties, model 
834M1 (6 000 g) and one DC response uniaxial from Measurement Specialties, model 
3038 (6 000 g). The purpose of the AC and DC accelerometers was to cover a wider 
bandwidth. Model 2255B-01 works from 2 Hz to 20 kHz and model 3038 works from 0 
Hz to 5 kHz. The two accelerometers from Measurement Specialties required additional 
electronics to operate according to their specifications. The accelerometers have been 
installed on the PCB according to manufacturer’s requirements (Measurement Specialties, 
2014). 

 

Figure 7: Simplified block diagram of the measuring system (Petropoulos, et al., 2015) 
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In addition to the PCB with the sensors, two more PCBs were designed, one was a signal 
conditioner with 6 operating channels and one was the power supply of the sensors and 
signal conditioner. The signal conditioner is designed to allow independent offset 
compensation and amplification of the signal from each sensor.  

A potentiometric system, for displacement measurements, was the last sensor and was 
installed at the end of the pulling tube and passed through the sliding collector in the 
connection between the spiral cable and logging cable. This sensor contains a resistance 
wire (Nikrothal 80, 2.83 Ohm/m). The logging cables were connected with the signal 
conditioner and the last was connected with a logging unit (Data Translation DT9816-S).  

A die cast aluminum box with the last two PCBs was placed together with the logging 
unit and a notebook in a hard equipment case located outside of the measuring hole. 

Before the installation of the measuring systems into the boreholes evaluation tests were 
carried out in order to validate and calibrate the system. The calibration was done under 
dynamic loading by means of an impact machine.  

The impact machine has been developed for studying compaction of aggregates under 
dynamic loading in laboratory conditions (Figure 8). This machine can reach impact 
velocities up to 20 m/s and kinetic energy of approximately 6 000 J. The main parts of 
the impact machine are, a pot (1), a falling hammer (2) and a set of shock cords in each 
side (3) which act as energy accumulators.  
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Figure 8: Impact machine 

The impact machine is capable of imitating conditions similar to confined blasting. The 
study of the compaction mechanisms in half-scale tests is not an easy task because of the 
interference of several parameters such as geology, particle sizes and spatial irregularities. 
This machine is designed to make use of changing impact velocity and the weight of the 
hammer. This is done to be able to vary the impact energy to mimic the blasting 
conditions in defined scales. 

In addition to study compaction, the impact machine has also been used to calibrate the 
measuring system. The following procedure shows how the sensors in the anchor were 
calibrated. The anchor was placed in the pot and the pot was filled with fine quartz sand 
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(0.20 mm). Between the upper part of the anchor and the surface of the sand a constant 
distance of 40 mm was maintained during the strokes. The reason for this distance was to 
prevent the falling hammer from directly impacting the anchor. Each test was composed 
of three strokes to observe the behavior of the anchor as the surrounding material 
becomes stiffer. After the completion of the tests, all the recorded signals were analyzed. 

The system was thereby calibrated and evaluated in laboratory conditions. Nevertheless, 
some more techniques were required to conduct the zero pillar test, i.e. to define an 
initiation procedure and to find a proper mixture for grouting the measuring systems into 
the measuring holes. 

2.1.3 Initiation scheme 
A proper definition of the initiation procedure was an important part of the test in order 
to avoid misfire and differential movement of the burden which might have resulted in 
shearing forces on the measuring system. The last condition required that both 
detonation fronts run parallel (Figure 9). In this zero pillar test emulsion explosive was 
used (Kimulux KR0500 repumpable) as in production rings at the Kiirunavaara mine. It 
was not known whether detonation cord (20 g/m) could initiate the emulsion. 
Preliminary tests were conducted to find a solution to this issue. The setup of the tests 
was composed of PVC pipes filled with emulsion explosive with a detonation cord (20 
g/m) running inside the pipes and VoD (Velocity of Detonation) cables in the 
configuration shown in (Figure 10). Two types of VoD measurements were utilized, one 
uses resistance cables and the other uses TDR (Time-domain Reflectometry) cables. 

 

Figure 9: Initiation scheme 
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Figure 10: Schematic representation of the setup (Petropoulos, et al., 2014b) 

The results of this technique were very promising and implemented in the zero pillar test. 
Two blastholes (Ø115 mm) were drilled parallel to the pillar’s wall, two detonation cords 
were placed in each hole and they were tied in one knot. The knot was covered with 
plastic explosive and one pyrotechnic detonator was attached. Two pyrotechnic 
detonators were also placed in the explosive column for redundancy reasons. 

2.1.4 Anchoring grout 
The last implemented procedure was related to proper anchoring the measuring systems 
into the measuring holes. For this purpose a self-expanding grout was needed. The 
required properties of the developed grout are that it needs to be expandable, have good 
adhesion with the borehole wall, high strength and relatively low viscosity. The available 
products on the market could contain bentonite. The concern with bentonite is that the 
grout becomes weak when it expands. Hence, it was decided to develop a self-expanding 
grout with the required properties. The final grout was composed of Portland cement 
and aluminum powder. After a series of tests it was decided to use an aluminum content 
of 0.2 % per weight and a Water-Cement-Ratio (WCR) of 0.5. The hardening time is 
20 minutes after mixing the ingredients. This grout satisfies all the requirements for the 
zero pillar test as well as the temperature limitations of the electronics which have 
temperature dependent characteristics. The grout was pumped into the measuring holes 
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using a grout plant by Gertec (model IS-60-E) with very high flow rate and minimum 
slurry pressure. 

In the zero pillar test, the stemming had to be relatively short (2.9 m). Different materials 
have been tested before such as gravel, sand and concrete (Wimmer & Ouchterlony, 
2011). An attempt was made to test also the self-expanding grout. The prerequisites by 
the mine were that the explosives have to be accessible in case of misfire. Figure 11 
shows the stemming setup in a blasthole. The hole was charged at the bottom with 
explosives followed by a “spider” plug was installed to prevent mixing grout with 
explosives. The next material was an air gap partially filled with rags. PVC lids were 
placed at both ends of the stemming column. The lids were drilled in order to allow for a 
PVC pipe to pass through guiding the detonation cords out of the blasthole. The lid 
closer to the collaring point had one more opening for the grouting hose. 

 

Figure 11: Stemming setup 

The above described procedures are for dynamic measurements of burden behavior 
during the blast. The question that arises is how to measure the results of a blast in terms 
of fragmentation and to correlate them with the dynamic measurements for further 
improvements. In small-scale tests it is relatively easy to sieve the material, but as the 
experimental scale increases the fragmentation measurements become more complex in 
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terms of equipment availability and work intensity. Consequently, another technique is 
required; the most common is digital image analysis. 

2.2 Digital image analysis 

With increased understanding of burden dynamics, blasting performance might be 
improved. The issue is how to quantitatively measure the results of a blast in terms of 
fragmentation. Sieving of the blasted material is usually not an option because it is both 
time consuming and costly. Another method is digital image analysis.  

Digital image analysis was implemented to measure fragmentation in half- or full-scale 
tests. Besides the measurements in the tests, this method is also used in production 
blasting at mines for monitoring the blast performance and crusher’s output. In this 
application, most systems used are on-line based systems.  

During 2012-2013, Swebrec (Swedish Blasting Research Centre) investigated the effect 
of short inter-hole delay time on fragmentation (Petropoulos, et al., 2014a). The study 
was carried out at the Aitik open pit copper mine in northern Sweden. The calculated 
inter-hole delay times were based on Chiappetta, (2010) and Vanbrabant & Espinosa, 
(2006), i.e. stress wave interactions. The study comprised 4 trials with different inter-hole 
delay times as well as two trials with a regular inter-hole delay time. Table 2 shows the 
tests, the calculated blasted volume, the delay time, the location of the benches and the 
initiation system. 

Table 2: Summary of the trials (Petropoulos, et al., 2014a) 

Campaign Volume [m3] Delay [ms] Bench no. Initiation method 
1st Ref. 285676 42 S1_210_11 Pyrotechnic 
1 301379 6 S1_210_12 Electronic 
2 243980 1 S1_225_11 Electronic 
3 302888 3 S1_225_12 Electronic 
2nd Ref. 316073 42 S1_225_13 Pyrotechnic 
4 300631 1 S1_225_14 Electronic 

Digital image analysis was selected for evaluating the fragmentation, since the volumes of 
the blasted material were significant. The selected fragmentation assessment software was 
SplitDesktop®, version 3.0. The tool could not be directly used unless some evaluation 
tests were carried out. 
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Petropoulos (2012) carried out an evaluation related to the consistency of the software, 
accuracy and lighting conditions, and etcetera. Images were captured of artificial 
muckpiles in laboratory conditions with well-known fragmentation. The samples were 
collected from a previous study (Johansson & Ouchterlony, 2011). The consistency was 
examined by analyzing the same image several times. The accuracy was tested by 
capturing and analyzing single images from the muckpile. Additionally, the muckpile was 
reformed and new images were captured and analyzed. The last procedure was repeated 
three times. As a result, three views of the same sample were analyzed and compared 
with the sieving data. The results from the image analysis showed good accuracy with 
sieved data. The last parameter studied was the lighting conditions and the software’s 
capacity during these conditions. This parameter is important for an open pit mine 
operation, i.e. sunshine or cloudy. The two different weather conditions introduce 
different shadow areas on the image and usually these images are over-delineated. The 
fully automated delineation is not recommended since several particles are considered by 
the software to be smaller than they are. 

Several test images were captured at the mine before the trials in order to identify other 
sources of errors which are not present in laboratory conditions such as dust, image 
resolution, user error and shooting angle of a truck bed. A detailed analysis of the 
identified sources of errors is given in Petropoulos et al. (2013b).  

For the Aitik project a procedure had to be established since there were many images 
captured. It is worth mentioning that each image required two hours of manual analysis, 
i.e. cropping, delineation and merging. This technique requires at least two scale objects 
in order for the algorithm in the software to interpret the inclination of a pile. It was not 
practical in this project to put scaling objects on the truck beds. Consequently, the truck 
bed size was used as a scale object. There was an attempt to capture images from the side 
of the trucks but it did not give the expected results as the particles seemed to be 
elongated. The suggested solution was to capture images from the rear side of the trucks 
(Figure 12). This solution was not always valid due to safety reasons, for example in the 
first two benches S1_210_11 and S1_210_12 (see Table 2). The selected mucking areas 
was chosen to be after the first 2-3 rows in each blast and in the central part of the bench. 
This is due to changing the free face blast to confined blast since there was no space for 
the material to swell. Additionally, it was believed that this area is not affected by external 
factors (presplit and boundaries of the bench). For each trial 40 images were analyzed. 
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Figure 12: A sample image without (a) and with (b) delineation (Petropoulos, et al., 2013b) 

The experience gained by the Aitik trials was used for image analysis of the fragmentation 
from full scale production rings in the Kiirunavaara mine (Wimmer et al. 2015).  

The images were captured underground in the mine, hence an intensive source of light 
was installed (LED lamps). The captured images corresponded to the draw point 
(mucking area) and to the LHD (Load-Haul-Dump truck) buckets. For the ortho images 
two cameras were required. The synchronization of the cameras with the LHD’s velocity 
was necessary. For this purpose two laser diodes were used to trigger the cameras as the 
LHD broke the laser beams. The images from the buckets suffered loss of quality from 
motion blur and darkness. Another problem with the lighting conditions was the uneven 
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distribution of light which caused disturbances in the image quality. If the particles on the 
images do not have a discrete circumference, the edge detection algorithm in the image 
analysis software cannot separate them in the delineation process. After capturing the 
images, it was observed that the images could not be directly analyzed from 
SplitDesktop®. First, the images had to be processed in order to improve quality, enhance 
contrast and make the particles more discrete. All the images have been sharpened by 
applying a filter called ‘Unsharp Mask (USM)’. The concept behind this technique as 
described by McHugh (2015) comprises two steps. The first step is to take the original 
image and subtract a blurred copy of it, the result is a dark image without visible particles. 
The second step is to take the original image at a higher contrast (by user defined 
parameters, i.e. intensity, radius and threshold). This image is overlaid with the result 
image from the first step and the original image. The result of this process is a sharpened 
image with well-defined particle boundaries as shown in Figure 13, which shows the 
comparison between the original (a) and the processed image (b). 

 
a) 

 
b) 

Figure 13: Image comparison between unfiltered (a) and filtered (b) (Wimmer, et al., 2015) 

This technique significantly decreased the processing time from 2 hours to 10-15 minutes 
per image. The delineation process becomes more accurate since the algorithm can easily 
locate the individual particles due to high edge contrast. In this manner the image analysis 
process becomes semi-automatic. This technique has been compared with manual 
delineation (time-consuming process) and the results were very similar. 

The large number of images from the production rings required a rating system in order 
to further minimize the process time. LKAB has developed an in-house software namely 
“Gravity Flow” (Wimmer et al. (2015) in which a “Quick Rating System (QRS)” 
algorithm is embedded. The purpose of this algorithm is to assist the user to rate the 
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images according to uniformity index (n) and median fragment size (x50) estimated by the 
user. 

The same principle has also been applied to ortho images as in 2D images. The challenges 
in analyzing the ortho images are of a slightly different nature. The reconstruction of an 
ortho image is made by a photogrammetry software named “ShapeMetrix3D” (Gaich, et 
al., 2006). The main problems with ortho images are the stretched particles at the edges 
of a LHD bucket and/or missing particles. The origin of these problems is the hardware 
used and image processing algorithms. However, these problems have not been solved 
yet. 

Both of the techniques suffer at the fines detection part because of limitations related to 
image quality and particles on the image which are non-visible for the algorithms. The 
results from these techniques should only be considered as an estimation of 
fragmentation, since they are surface-based techniques. It is not known what lies under 
the surface of a truck bed, a muckpile or a LHD bucket. 
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3 Results and Analysis 

This chapter presents the results of the previously described procedures for dynamic 
burden measurements and techniques for evaluation of fragmentation in different 
experimental scales. 

3.1 Small-scale tests 

3.1.1 Burden dynamics 
The small-scale tests revealed the burden movement as a function of time during a blast. 
The observed peak velocity reached 29 m/s (Figure 14). After the burden has reached its 
maximum velocity, the slope of the velocity levels down to the maximum displacement 
(compaction) (12.6 mm). The demonstrated results are based on the ‘Nails’. 

 
Figure 14: Burden movement given by the ‘Nails’ (Petropoulos, et al., 2013a) 

The ‘Nails’ were not able to record the burden movement after reaching its maximum 
displacement because it is a one-way measurement method. The detached steel plate 
from the burden indicates a backward movement of the burden after its maximum 
position (Figure 15). The same effect has been observed also in half-scale pillar tests by 
Wimmer et al. (2013). It is believed that this material retraction is due to stress relaxation 
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in the compacted material as the loading force by blasting decreases. Although, it is not 
clear whether this has any effect on the fragmentation results. 

The use of draw wire sensor is not recommended in this type of test because the steel 
wire snapped back several times and the sensor was slow due to the inertia in its 
mechanical parts. 

Some of the piezoelectric accelerometers which were installed close (< 50 mm) to the 
blastholes exceeded their dynamic measuring range (100 000 g). Therefore the signals 
were not possible to process. Instead, they were used to measure the velocity of the 
arrival wave. The triggering time was known from the coaxial cables (RG 54) which 
were attached to each blasthole in order to confirm the designed delay time. 

 
Figure 15: Burden position after blast (Petropoulos, et al., 2013a) 

Based on the recordings from the ‘Nails’, the burden starts moving 250 s after the 
detonation of the first blasthole. One interesting observation was that the burden seemed 
to be intact after blast. When the compacted material was removed the burden broke 
apart into significantly smaller pieces than shown in Figure 15. Similar burden behavior 
was observed in the zero pillar test. One possible explanation for this behavior is that the 
burden does not have enough space to swell due to the material confinement (spatial 
restrictions). However, an extensive tensile crack network was developed, thus minimal 
force is required for initiation of burden disintegration. 
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Another interesting result directly connected with fragmentation and back breakage is the 
inter-hole delay time. When there is simultaneous initiation (0 s) of the blastholes, the 
fragmentation is coarser and the back breakage limited compared to the case where the 
inter-hole delay time is 290 s. Apparently, different mechanisms are involved and/or 
magnified when the delay time changes. When the delay time is 0 s, it is assumed that 
the dominant interaction is between the crack propagation and gas pressurization. As the 
delay time increases more interactions take place such as crack propagation with stress 
waves from the detonation of the neighbor blastholes (barrier-branching mechanism) and 
superposition of stress waves. There is an indication that inter-hole delay time and back 
breakage are related. 

3.1.2 Fragmentation 
The fragmentation results cannot be directly analyzed since several experimental setups 
were involved. They have to be carefully examined. Table 3 shows the results of the 
blasted material from all the small-scale tests. The analysis is based on the median 
fragment size (x50). Block 1 can be compared with Block 3 in terms of firing pattern. The 
sequential firing pattern gives finer fragmentation than the V-shaped by approximately 11 
% for R1 (row 1) and 27 % for R2 (row 2). This can be explained by the fact that the 
burden with V-shaped initiation shows a totally different directional movement 
compared with the sequential. The next comparison can be made between Block 3 and 
Block 4 since they have different delay times, 110 s and 218 s, respectively. Block 4 
shows finer fragmentation by 33 % (R1) than Block 3. It is remarkable that the results 
regarding R2 for both blocks are very similar. R2 in all tests has been considered as more 
representative than R1 because R2 is preconditioned by the blast of R1. The last 
comparison is between Blocks 5, 7 and Block 2. The difference is the blasting conditions, 
i.e. free face and confined. The observed difference is up to 41 % (R1) and 25 % (R2). 
This is reasonable because a part of the released energy reflects back to the block and the 
other part travels through the interface between the burden and the confining material.  
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Table 3: Fragmentation results of the blasted material (Petropoulos, et al., 2013a) 

 
x50 (mm) 

Inter-hole 
delay time ( s) 

Condition 
Specific charge 

(kg/m3) 
No. 
holes 

B1R1 32.28 110 
Confined 
V-shaped 

4.16 7 

B2R1 35.54 290 Confined 2.56 5 
B3R1 29.75 110 Confined 4.16 7 
B4R1 19.95 218 Confined 4.16 7 
B5R1 19.84 290 Free 2.56 5 

B1R2 21.04 110 
Confined 
V-shaped

4.16 7 

B2R2 23.14 290 Confined 2.56 5 
B3R2 15.36 110 Confined 4.16 7 
B4R2 15.72 218 Confined 4.16 7 
B5R2 No data 290 Free 2.56 5

 

B1R3 13.22 110 
Free 

V-shaped 
4.16 7 

B3R3 11.34 110 Free 4.16 7
 

In one part of the study the fragmentation of the confining material was measured. This 
was done to investigate the effects of different setups (for example inter-hole delay, 
specific charge etc.). Figure 16 shows the fragmentation results of the confining material. 
Similar comparisons can be made for the fragmentation results of the blocks. Confining 
material from Block 1 can be compared with material from Block 3 in terms of firing 
pattern. The V-shaped firing pattern shows larger median fragment sizes by 32 % for R1 
and 39 % for R2 compared with sequential initiation. Again the different directional 
movement (i.e. different burden directions for each initiation pattern) of the burden 
shows coarser fragmentation also for the confining material. It is obvious that there is a 
significant negative effect of the firing pattern on the fragmentation for both burden and 
the confining material. The next comparison is the effect of inter-hole delay time on the 
fragmentation of the confining material. Block 3 and Block 4 can be compared; the 
results showed that Block 4 gives coarser fragmentation by 20 % for R1 and 39 % for R2. 
The shorter inter-hole delay time (at 110 s) shows a reduction of the median fragment 
size of the confining material compared with test longer delays (at 218 s). One possible 
explanation is that the burden has not stopped moving during the detonation of the 
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neighboring blasthole; hence an additional pressure is applied on the moving burden. 
This might compact the confining material harder in a shorter time exceeding the yield 
strength of the material. In other words, the burden dynamically compacts 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 
crushing of the particles. 

 
Figure 16: Fragmentation results of the confining material 

From the small-scale tests, valuable information and experience were gained in order to 
further investigate the dynamic burden mechanisms in larger scale, i.e. half-scale tests. 
The partial understanding of these mechanisms helped to design proper measuring 
systems to study the burden mechanics in “real” blasting conditions. The term “real” 
indicates that several parameters are not controlled by the researchers, such as structural 
geology, explosive properties and material properties. For example the structural geology 
has to be considered as a given parameter; however explosive properties and installation 
procedures have to be carefully considered and designed. 

3.2 Half-scale test 
The results of all the described procedures and instrumentation in previous sections will 
be shown and analyzed. All the procedures and instrumentation have been implemented 
for the first time in the half-scale pillar test. The zero pillar test was conducted to evaluate 
instrumentation and procedures in blasting conditions. 
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3.2.1 Evaluation of the measuring system results 
Typical results from the described procedure of calibration of the measuring system are 
shown in Figure 17. An algorithm has been developed in Matlab® for fast processing of 
the signals. The signals have been filtered with low pass Chebyshev filter at 3 kHz, the 
cut-off frequency is based on analysis of data from previous half-scale pillar tests 
(Wimmer, et al. 2013). It is believed that high frequency components in the signals 
correspond to crushing and/or sliding of particles, and ringing effects. The purpose of the 
measuring system was to measure burden displacement and not crack development or 
crushing within the burden. The burden displacement is characterized by low 
frequencies, even 0 Hz, at the very end of the burden movement.  

 
Figure 17: Acceleration recordings from the calibration procedure of the measuring system 

(Petropoulos, et al., 2015) 

The sensors show a similar reaction to the dynamic loading during calibration, but with a 
different magnitude. It is not known why there is such a difference between 2255B-01 
and the other two sensors (3038 and 834M1 z-axis), but one possible explanation is that 
one of the manufacturers has given incomplete sensitivity data of their sensors. After 15 
calibration tests, the difference seemed to be constant (43.5 %). The data will be sent to 
manufacturing companies of the accelerometers for further analysis. 
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The target measurement of the system is displacement. Figure 18 shows the first 
integration of the accelerograms and Figure 19 shows the displacement results after the 
integration of velocity. 

 
Figure 18: Velocity from the recordings from the impact test (Petropoulos, et al., 2015) 

 
Figure 19: Displacement from the recordings from the impact test (Petropoulos, et al., 

2015) 
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The laboratory results showed a difference between the sensors (difference between 3038 
and 8341M1, and 2255B-01). At the beginning, it was believed that this difference might 
be due to the location of the accelerometers. Model 2255B-01 was mounted aside of the 
center of the anchor (34.5 mm), 3038 and 8341M1 were installed closer to the center of 
the anchor. The observed difference could be explained by a slightly tilted anchor. 
However, after the completion of the calibration tests (15 tests), it was observed that this 
difference was not due to location of the sensors since the anchor was rotated by 90o and 
180o (horizontally). In all tests, this difference between the sensors was relatively stable. 
Despite of this difference the anchor was installed in the zero pillar test. 

This difference could not be observed in the zero pillar test since the arrival of the shock 
wave gave an acceleration which was beyond the measuring range of the accelerometers. 
The choice of accelerometers was based on analysis of previous results (Wimmer, et al., 
2013) and had not shown accelerations of this magnitude for the pushing force applied to 
the burden. 

After all the calibration tests, the measuring systems were installed in the measuring holes 
following the described procedures. The displacement of the burden recorded by the 
potentiometric displacement sensor is shown in Figure 20. The maximum monitored 
displacement was 0.98 m which was confirmed by static markers placed in front of the 
burden and by means of scanning the drift before and after the blast. The maximum 
burden velocity was in the range of 17 - 18 m/s and it was calculated based on the 
steepest slope in Figure 20 (marked with the red line). 
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Figure 20: Displacement of the burden 

3.2.2 Initiation test results 
The results from the initiation tests showed the potential of this technique to be utilized 
in tests where precise initiation is required. Figure 21 shows the recording of a TDR 
cable from one of the initiation tests. The cable was attached to the wall of the PVC pipe 
(see Figure 10). The VoD and apparent VoD of the detonation cord and emulsion were 
7563 and 7400 m/s respectively. This is very high compared with the actual VoD of the 
emulsion (5000 m/s). This apparent increase in emulsion detonation rate is because the 
initiation of the emulsion occurs along the length of the pipe at the VoD of the 
detonation cord.  
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Figure 21: VoD measurements of the emulsion explosive with detonation cord 
(Petropoulos, et al., 2014b) 

This initiation test gave the expected results and worked as it was planned in the zero 
pillar test. When two blastholes are simultaneously detonated the back breakage is 
limited, as was also observed in small-scale tests. This effect was used as an indicator to 
verify the functionality of the initiation procedure. Figure 22 shows the result of this 
procedure. It is obvious that there is a clear trapezoid extraction of the pillar, as expected 
from the design, note also, the half-casts of the blastholes. The two main results of this 
test are that emulsion can be initiated by detonation cord 20 g/m and that both 
detonation fronts ran parallel. 



Results and Analysis 

39 
 

 
Figure 22: The initiation result from the zero pillar test 

3.2.3 Grouting results 
The result of the self-expanding grout is shown in Figure 23 and Figure 24. The 
measuring system was firmly anchored in the borehole and the self-expanding grout 
showed good adhesion and strength properties. Figure 23 shows the grout column 
surrounding the pulling tube (marked in red box). Part of the self-expanding grout was 
recovered for visual inspection. There were traces of rock on the grout piece which 
indicates good adhesion. The amount of air voids in the sample was small which indicates 
that the strength of the grout was not significantly lowered. 

Figure 24 shows the result of using this self-expanding grout as stemming material. The 
result showed that this stemming material (see 2.1.4) gives better performance compared 
with regular stemming materials, such as gravel, drill cuttings or pure concrete. 

In both applications, the self-expanding grout performed as designed and it proved its 
functionality for anchoring the equipment into measuring holes as well as a stemming 
material in the cases, where very short stemming is required. 
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Figure 23: Result of grouting the measuring system 

Additionally, the stemming result confirms the simultaneous detonation of the blastholes 
as the back breakage is limited. In Figure 24, the stemming material remained 
immobilized and was cut in half along the blasthole (marked in red box). 

 
Figure 24: Result of stemming 

The installation and initiation techniques performed as intended and will be implemented 
in future pillar tests. The measuring system functioned as expected; however some fine 
tuning is required before installation in another pillar test. 
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After conducting the test and analyzing the results, a procedure for conducting pillar tests 
has been established. In addition the instrumentation for studying burden dynamics has 
been developed. This concludes the first part of the study. The second part is to develop 
techniques for measuring the performance of a blast in terms of fragmentation for all 
experimental scales. 

3.3 Digital image analysis 
The presented results are from experimental setups in production blasts for evaluating the 
fragmentation and to correlate it with changes in design parameters or different kind of 
measurements. For example, in this thesis, the fragmentation assessment in the Aitik open 
pit mine was correlated with short inter-hole delay time, and for the Kiruna mine, 
fragmentation was correlated with gravity flow of the blasted material combined with 
smart markers tests. 

3.3.1 The Aitik results 
The fragmentation analysis has been carried out using the results from the digital image 
process. The images from the trials have been compared with the images from reference 
blasts. The selected data points for comparison are median fragment size (x50), oversize 
material (x80) and maximum size boulders (xmax). The presented results are the average of 
40 images per trial. Figure 25 shows the variations of the different classes of the 
fragmented material. The fragment size for 42 ms corresponds to the reference blasts at 
two different levels S1_210 (coarser) and S1_225 (finer). Information about the trials can 
be seen in Table 2. The difference between the two levels might be due to differences in 
geology. Level S1_210 is dominated by muscovite schist and the level below (S1_225) by 
biotite gneiss. Another difference is the shooting angle of the images. For the benches at 
level S1_210, there were no available safe spots to position the camera. The images were 
instead captured aiming at the side of the trucks. On the lower level, it was possible to 
find safe spots to position the camera for capturing images aiming at the rear side of the 
trucks. The same explanations might support the relatively large values for the trial with 6 
ms inter-hole delay time since it was located at level S1_210. 
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Figure 25: Fragmentation results from the Aitik open pit copper mine (Petropoulos, et al., 

2014a) 

The three benches (1ms, 1ms and 3 ms) at the lower level (S1_225) can be compared 
with the minimum values at the reference blast (at 42 ms). The geology and the shooting 
angle at this level were very similar for all the benches. The comparison focused on the 
effect of inter-hole delay time on the fragmentation. The results for the trials with 1 ms 
and their scatter are similar. The trial with 3 ms showed a slightly finer fragmentation (by 
10 %) than the reference blast and the trial with 1 ms. However, prior to any 
interpretation of the effect of delay time on fragmentation, the specific charge has to be 
considered since the mine uses a specific charge in excess of 1.0 kg/m3 which could be 
considered unusually high. 
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The hypothesis tested in these trials, i.e. the effect of short inter-hole delay time on 
fragmentation, seems to have minimal effect. It might be possible that this effect is 
overshadowed by the specific charge. Although, small-scale tests (Johansson & 
Ouchterlony, 2011) do not confirm any significant effect of short delay on fragmentation.  

Unfortunately, there are no sieving results because of time constraints and limited budget. 
Therefore, the results are only obtained from digital image analysis. This method can 
only be used as an indicator and not as an absolute measurement tool. The main 
drawback of this method, as mentioned before, is the surface view of the material and 
how the software unfolds the third dimension of the visible material. It does not take into 
consideration segregation effects of fine particles, overlapping boulders or partially visible 
particles, unless good calibration of the system has been conducted. 

The knowledge and experience gained from the Aitik project were applied to measure 
fragmentation by means of digital image analysis in underground mining conditions. 

3.3.2 The Kiirunavaara trials 
The problem in this case was to minimize the image processing time due to the large 
number of images. The implementation of the “Unsharp Mask” filter worked satisfactory 
and the image processing time was reduced from 2 hours per image to 10-15 minutes per 
image with very similar results (Figure 26 and Figure 27). The images in Figure 26 are 
the same images as in Figure 13.  

Figure 26: Comparison between manual and semi-automatic delineation (Wimmer, et al., 
2015) 

The next step was to find the most suitable technique for analyzing images with different 
classifications, i.e. coarse, mid-coarse, mid-fine and fine. The utilization of the QRS 
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reduced the process time. The next step was to decide which images provided more 
accurate results. There were four samples of buckets which were sieved and used as 
reference fragmentation curves for calibration of the process. It was found that the images 
from the draw point could be used for the coarser material and the images from the 
buckets could be used for the mid-fine and fine material.  

After these tests, the images were reconstructed as ortho images. Again, a comparison was 
carried out in order to clarify whether there were any improvements in the process. It 
was found that the ortho images give more accurate results than the 2D images for the 
coarse, mid-coarse and mid-fine material.  

Figure 27 shows the results of the sieving curve with ‘Unsharp filter’ and without, note 
that there is a difference compared to the sieving data. It should also be noted that this is 
based only on the first step of a digital image analysis procedure. At this stage, 
minimization of the editing time was the target. For further improvement more 
(currently not available) sieving data would be required.  

 

Figure 27: Comparison of the fragmentation results between manual, semi-automatic and 
sieving data 
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Various problems in the digital image analysis were revealed, e.g. the representation of 
samples, self-breakage of the material during the mucking process and sample size, as also 
mentioned by Wimmer et al. (2015).  

Some more problems related to ortho images are the stretched fragments at the edge of 
the image in cases where there is a large gap between the top of the bucket and the road. 
The current reconstruction software cannot handle this type of large discrepancies. Such 
(stretched) fragments were excluded from the analysis due to the visually larger size. 

An overall comparison between the different digital image analysis methods and sieving 
results is made, for the median fragment size (x50) of four samples in four different 
fragmentation classes (Figure 28). The figure shows a 1:1 line of x50 of the sieved material 
and its deviation with different methods. For the coarse samples (3-4), the ortho images 
from the draw point show the smallest deviation because of the partial absence of fine 
particles. As the fragmentation assessment analyses finer samples, the segregation 
mechanisms have to be taken into consideration (Righetti 2015). Sample 3 can be 
analyzed with ortho images from LHD bucket but Sample 4 (finest) has to be analyzed 
with 2D bucket images. Then data from image analysis has increased correspondence 
with the sieved data. This comparison revealed the type of image (2D or ortho) and 
location (draw point or bucket) in order to extract more accurate results from the digital 
image analysis. It was shown that for fine material it is better to use 2D images from 
bucket, for mid-fine material, more accurate results are produced from ortho images from 
bucket. Regarding the mid-coarse and coarse material, the results indicate that is better to 
use ortho images from draw point. 
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Figure 28: Comparison between 2D, ortho-images and sieving results (Wimmer, et al., 
2015) 
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4 Discussion 

Instrumentation of the burden is a relatively new field in blasting research and there is no 
available system on the market. In the past, high frame rate video-captured techniques 
were used to measure burden movement. This group of techniques was mainly 
implemented in small-scale tests and partially in larger scales. However, in blasting under 
confined conditions, the burden is barely visible, if at all, especially in underground mines 
due to confinement and buffer materials. Several procedures have been developed by the 
author for measuring system installations and for conducting small-, half- and full-scale 
tests, especially in underground conditions.  

The results from the small-scale tests showed how to study the burden dynamics during 
blasting under confined conditions. It is believed that the confined conditions are 
considerably different compared to that of free face blasts and give different results in 
terms of fragmentation. This effect has been verified by previous studies (Johansson & 
Ouchterlony, 2011 and Petropoulos et al., 2012a). The V-shaped firing pattern showed a 
coarser fragmentation for the blasted and confining material. This result can only be 
considered as an indicator and in no case as a substantiated conclusion due to the limited 
number of tests so far. 

Confinement was also observed at the Aitik open pit trials. In the middle of a blast, the 
setup changed from free face blast to confined blast since there was no space for the 
blasted material to swell. This mechanism is similar to that of the sublevel caving (SLC) 
method. The production rings are blasted against previously blasted or caved material 
which results in coarser fragmentation. This type of fragmentation causes numerous 
problems such as difficulties to handle boulders and temporary or permanent hang-ups 
which negatively affect the gravity flow of the blasted material. Measures to improve 
fragmentation are to identify the design parameters, for example inter-hole delay time or 
to identify and measure the mechanisms which are responsible for gravity flow 
disturbances.  

It is believed that the short inter-hole delay time might improve fragmentation. Small-
scale tests (Johansson & Ouchterlony, 2011) and full-scale tests (Petropoulos, et al., 
2014a) showed that there might not be any significant effect of short inter-hole delay 
time on the fragmentation. However, it is worth mentioning that these studies are based 
on the assumption of 2D plane stress wave interactions, since the inter-row delay time for 
small-scale tests was infinite whereas it was kept constant in the full-scale tests as in a 
regular production blasts (176 ms). Several researchers claim that stress wave interaction 
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improves fragmentation, among them are Rossmanith (2002), Vanbrabant & Espinosa 
(2006) and Chiappetta (2010). All the studies have been conducted at open pit mines. 

The identification of the mechanisms related to gravity flow disturbances is challenging, 
since it involves several influencing factors. The understanding of the fundamental 
mechanisms (see section 1.1.1) which affect burden behavior, fragmentation and 
confining material is a starting point to improve the design of a blast as in sublevel caving. 

The burden behavior can be studied by conducting small-, half- and full-scale 
experiments. Half-scale tests have been conducted by Wimmer et al. (2013) and one 
more test was conducted by Petropoulos et al. (2015). Identified limitations of the 
previous system have been resolved but new issues have been found such as the dynamic 
measuring range. However, this limitation can easily be removed by re-adjusting the 
sensors.  

The installation procedures gave good results in terms of anchoring the measuring system. 
The initiation setup performed as expected and the extracted burden had a trapezoid 
shape without signs of back breakage. This was used as an indicator for the simultaneous 
initiation of both blastholes.  

The suggested self-expanding grout behaved as intended and will be used in future tests. 
It does not require a) any special equipment, just a grout pump, b) it provided very good 
adhesion and c) strength properties. Together with the stemming setup, which also 
provides access to the explosive column (as required by the Kiirunavaara mine) it has 
shown great potential for being used in production blasts. 

Overall the described procedures other than the pillar tests can be applied in full-scale 
tests to investigate in a sublevel blast ring, where there are several unknown parameters, 
for example, what kind of material lies in front of a burden of a production ring or how 
this material is spatially distributed. A possible solution to further investigate this problem 
can be the measurement of fragmentation and gravity flow of the material. The subject of 
gravity flow of blasted material is beyond the scope of this thesis. Fragmentation 
measurements will be discussed below. 

The description of the methods and results of the fragmentation measurements showed 
the potential of this method for future use. The technique of quick rating of the images 
has sped up the process and in combination with the implementation of “Unsharp Mask” 
filter the processing time has been significantly reduced. The method can potentially be 
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implemented in the analysis of the fragmentation of entire production rings, which have 
been limited due to the time-consuming process. Nevertheless, generally the digital 
image analysis is not an absolute measurement as this stage. As Wimmer et al. (2015) 
stated “even the best image analysis method should be used in a comparative way only to 
describe trends”. This is because it is a surface measurement method. It is not known 
what lies underneath the surface layer. One improvement of this method is to use ortho 
images, this method is still at an infancy stage since the algorithms are not advanced 
enough to adequately unfold the measured third dimension. Today, these algorithms 
assume the third dimension by applying an ellipsoid. The main problem encountered 
with the ortho images was stretched or missing particles which result in erroneous 
fragment sizes.  

Clearly in these methods, there is room for further improvements in order to produce 
quantitative results. The calibration of the methods has been done based on four samples. 
It was observed that it requires more sieving results for better calibration and validation of 
these methods. 

Several procedures and instrumentation setups have been discussed in this thesis which 
can be used for conducting pillar tests or full-scale tests. They can be applied at any 
underground or surface mine for studying burden dynamics and the impact of a blast 
design on fragmentation. 
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5 Conclusions  

The thesis has presented new procedures, instrumentation and methods for studying 
burden dynamics and fragmentation in different experimental scales.  

1. The effect of blast design on confined burden movement 
• A conclusion from the small-scale tests is that longer delay time (>4.1 ms/s 

of burden) activates mechanisms which are not visible in shorter delay times. 
These mechanisms are related to interactions between crack expansion and 
gas work. 

• The compaction is roughly the same for both rows in the small-scale tests. 
• The V-shaped firing pattern gives larger compaction of the material by 15 % 

more than the sequential firing pattern. 

• The burden moves approximately 1 m as shown by the zero pillar test. 

 

2. How can digital image analysis be improved in terms of fragmentation 
measurements? 

• The QRS significantly boosted the process with user rating the images by 
inspection, but, for the images with large amount of fine material, some 
variations expected. 

• The comparison between 2D and ortho images showed that, for the time 
being, ortho images can be used for the coarse material of a production ring 
and 2D can be used to evaluate fine material. 

 

3. How can the burden dynamics be measured in rock blasting 
independently of scale and boundaries? 

• The ‘Nails’ showed satisfactory behavior in the small-scale tests. Although, 
the accelerometers and draw wire did not performed well. 

• The self-expanding grout performed as designed for anchoring the 
measuring system and as stemming material. 

• The measuring system in the zero pillar test seems to be promising for this 
type of tests. 

• The initiation setup gave simultaneous initiation of both blastholes. 
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4. What effect do delay, firing pattern and confinement have on 

fragmentation? 
• The fragmentation under confined conditions is coarser than free face blast. 

• The fragmentation of the confining material depends on delay time, specific 
charge and burden movement. 

• The full-scale trials at the Aitik open pit copper mine did not show any 
significant improvements (approximately 10 % for x50 for 3 ms inter-hole 
delay time) in fragmentation, especially for x50 and x80 when short inter-hole 
delays were used. The mine uses very large specific charge (> 1.0 kg/m3) 
which might overshadow any potential change in fragmentation due to the 
short inter-hole delay time. 
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6 Recommendations for future work 

The burden dynamics can be further studied and measured by means of the developed 
equipment and procedures. 

• Further pillar and full-scale tests are required to improve understanding of the 
mechanisms involved in the burden dynamics. 

• The measuring system can be installed in vertical boreholes with modifications. 

• The self-expanding grout can be used in cases where stemming has to be relatively 
short (  2.9 m) for a Ø115 mm blasthole. 

The first steps of fragmentation measurements by digital image analysis have been 
described in the thesis. The following steps can boost the accuracy and the amount of 
analyzed images. 

• A rough delineation algorithm can be embedded in the LKAB in-house software. 
This output of this algorithm will become input for the QRS without user 
interference. 

• The ortho images with an advanced delineation algorithm can be the next step in 
the fragmentation measurements by digital image analysis. 

• A combination of the two points might result in a fully automated processing 
system with reliable results. One more advantage of this system is the analysis of 
large numbers of images since it does not require continuous supervision.  
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1 INTRODUCTION

Sub-level caving (SLC) is an important mass mining 
method used in several mines around the world with 
different geological conditions. The burden of a 
SLC-blast ring is confined by caved rock, which has 
a negative impact on fragmentation (Johansson & 
Ouchterlony, 2011a). This study was conducted to 
investigate any potential improvement of 
fragmentation by changing key parameters.  

Researchers in the blasting field attempt on a 
daily basis to improve the results of bench or 
underground blasting. Recent studies focus on the 
effect of short delay times on fragmentation by 
means of potential wave interaction.  

Stagg & Nutting (1987) conducted 24 small scale 
blast tests with different delay times from 0 to 118 
ms/m of burden. The experimental procedure was to 
use a 1.14 m dolomite bench with burden distance 
0.38 m and two different spacing distances, 0.53 and 
0.76 m giving a spacing/burden ratio of 1.4 and 2.0 
respectively. The best fragmentation was observed 
between 36 ms/m and 55 ms/m of burden due to an 
interaction of stress waves with strains induced by 
gas pressure of the previously detonated blasthole. A 
second series of similar blasting tests were 
conducted by Stagg & Rholl (1987) with a different 
test scale. The designs of the tests included 6.7 m 

limestone benches with burden distances from 1.7 to 
1.8 m formed by local irregularities and a spacing of 
2.1 m resulting in a specific charge of 0.59 kg/m3. 
The detonation was induced by seismic caps with 
1.10 ms ± 0.11 ms timing accuracy. The results 
showed that there was an improvement in 
fragmentation for delays between 3.3 to 26 ms/s of 
burden. They concluded that the optimum 
fragmentation was obtained when the stress wave 
interacts with the ongoing failure process of the 
previous hole.  

Katsabanis et al. (2006) made small scale blast 
tests to investigate the effect of short delays on 
fragmentation. The tests were performed on a small 
scale granodiorite block. The drilling pattern 
composes an equilateral triangular spacing of 102 
mm giving a burden of 8.8 cm. The tested delays 
were 0, 10, 20, 40, 80, 100, 1000, 2000 and 4000 s. 
The purpose of the very short delays was to 
investigate the fragmentation under shock wave 
interactions. The blocks were free (four free faces) 
trapping all the produced stress waves within the 
block body. The findings of these tests were in 
agreement with previous tests (Stagg and Rholl, 
1987), indicating the delay time for optimum 
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fragmentation to lay in the range of 3.3-13 ms/m of 
burden.  

Vanbrabant & Escobar (2006) made full scale 
blasting tests to observe the fragmentation at short 
delays by means of electronic detonators. Their 
design was based on the Rossmanith et al. procedure 
(1997; 1998; 2002).The choice of the delay time was 
based on the concept of overlapping the negative tail 
of the P-wave particle velocity. The implementation 
of this technique gave an improvement in x50 by 
45.6 %. 

Johansson & Ouchterlony (2011b) blasted 15 
small scale magnetic blocks using short delays to 
investigate the behavior of fragmentation under the 
condition of shock wave interaction.   The magnetic 
blocks were confined by a U-shaped yoke and their 
dimensions 660×270×210 mm (L×W×H). Each 
block had two rows with five holes each on a pattern 
B×S = 70×110 mm There were two different set-ups 
of the tests, confined, there is material lying in front 
of the burden, and free face conditions. The delay 
time varied from instantaneous (0 s) to 146 s. The 
approach of estimating the delay time was based on 
Vanbrabant’s scheme (2006). The results showed a 
plateau for the median fragment size (x50) for free 
conditions for row #2 in the range of 0.65-1.1 ms/m 
of burden. Additionally, the mean size of the past 
blast material was coarser in the confined tests by 
almost 100 %.  

2 METHODOLOGY 

2.1 Fragmentation measurements 
The set-up of the tests was inspired by a previous 
study (Johansson & Ouchterlony, 2011 b). The tests 
were composed of magnetic mortar blocks. The 
properties of the mortar are well-defined by previous 
studies (Johansson et al. 2007; 2008; 2011). The 
dimensions  
of the blocks were 660×270×215 mm (L×H×W) and 
the blasthole diameter was 10 mm. In this study, two 
designs were tested. The first design had 5 holes and 
2 rows, the burden was 70 mm and the spacing 
distance was 110 mm giving a spacing/burden ratio 
1.6. The second design had had 7 holes and 3 rows, 
the burden was 58.3 mm and the spacing was 82.5 
mm giving ratio spacing to burden 1.4. The 
magnetic blocks were confined by a U-shaped yoke 
to minimize the reflection of waves (Figure 1). 

The yoke was made of high strength concrete. 
The dimensions of the yoke were 250 mm width and 
350 mm high. There was a gap between the yoke the 
block of around 10 mm. It was filled with fine 
grained expanding grout (Weber WXM 702), which 

has the same properties as the concrete in the yoke, 
minimizing the impedance of the shock waves. 

There were two set-ups with different 
confinement conditions. 

Figure 1: The set-up for the confined tests. 

The free blasts were made without any material at 
the face of the block.   

The confined conditions were created by placing 
a U-shaped steel plate at the face of the block. The 
steel plate was fastened to the yoke by using 
threaded rods running along the yoke (four on each 
side), creating a space in front of the burden of a 
width of around 65 mm. The space was filled with 
crushed material (debris) space to emulate sub-level 
mining conditions. The debris properties are well 
defined from the previous studies (Johansson et al. 
2008; 2011). It was composed of fragmented cement 
mortar that followed a Swebrec sieving curve 
(Ouchterlony 2005). This material emulates the full-
scale broken material at the front of a production 
ring burden i.e. for small scale x50 = 8.0 mm, xmax = 
16.0 mm with a Swebrec undulation exponent of b = 
2.0.  

The block was charged with a PETN-cord with 
the strength of 20 g/m, giving a specific charge 2.6 
kg/m3 for the 5 holes design and 4.1 kg/m3 for the 7 
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holes design. The coupling ratio was 2.4 based on 
1400 kg/m3 explosive’s density. This roll of cord 
had a velocity of detonation (VoD) of around 7540 
m/s. The ratio VoD/Cp =1.98, which is greater than 
1.375 for which Blair (2010) states that the Mach 
waves contain a significant amount of seismic 
energy that might significantly influence the 
fragmentation due to preconditioning of the material. 

The blastholes were connected to each other by a 
trunk line and short T-connection lines with the 
main line i.e. PETN-cord with strength of 5 g/m and 
VoD about 7290 m/s. . The trunk line defined the 
delay time of each blasthole. The connection 
between the main charge and the connection line 
was made by using a modified plastic cylinder with 
height of 60 mm and 50 mm diameter in which the 
main charge was embedded   30 mm and the 
connection line was twisted 3 times to increase the 
amount of explosive, which is in contact with the 
main charge. Additionally, this small cylinder had a 
third hole for a coaxial cable for measuring the 
actual delay time. 

2.2 Burden compaction measurements 
During the fragmentation tests, dynamic tests were 
performed to measure the burden compaction and 
velocity. The instrumentation used embedded 
‘Nails’, accelerometers and a draw wire. The Nail 
structure contained a plunger (steel), a coax pipe 
(steel) and 10 coaxial cables (Figure 2). The 
application of the method is very simple. When the 
plunger cuts the cables an oscilloscope or recording 
device will record the time, by indicating a spike. 
With the obtained time and the distance that the 
plunger runs along the coax pipe, it is easy to 
calculate the velocity. The resolution of the method 
is about 1.7 mm. 

Figure 2: The parts of the Nail method. 
 
 
 

Figure 3: The Nails method and the installation points. 
 
The measuring equipment was installed on the face 
of the magnetic mortar block, in such a way that it 
formed a triangle. The three installation points on 
the face were chosen by taking into consideration 
the symmetry of the face of the magnetic block 
(Figure 3). 
The numbers in Figure 3 show the installation points 
of the accelerometers, the ‘N’ means the nails 
position and the ‘D’ means the draw wire position. 

The installation point of the draw wire was the 
same as the accelerometer #1 and the Nail which 
was located at middle upper point of the face. This 
was done to acquire comparable results from the 
three different methods. The draw wire was screwed 
to a corner (Figure 4). The corner was modified in 
order to fit on the steel plate. The draw wire was not 
installed in the recommended way but in the inverse 
measuring direction. Instead of pulling out the wire, 
it was snapped back. 
 

Figure 4: Draw wire. 
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3 THE TEST PROCEDURE    

The tests were conducted at a FOI (Swedish Defense 
Research agency) at the Swebrec’s testing facilities 
in Grindsjön and at the Kimit testing site at the 
Kiruna mine. The material losses were around 3% 
because the tests took place in blasting chambers in 
both sites, which are lined and sealed with blast mats 
to minimize the losses 

The test procedure of row #1 was to place the U-
shaped steel plate in front of the burden creating a 
space of around 65 mm. The next step was to pack 
debris in front of the burden of the block to emulate 
confined conditions. The same procedure was 
followed for row #2 as well but instead of placing a 
U-shaped steel plate, a flat plate was installed in 
front of the new burden. The new burden was not as 
smooth as in row #1 due to back break, hence the 
average distance between the burden and the steel 
was around 70 mm.  

Before the preparation of the next round, the 
loose material was collected and placed in buckets. 
The broken magnetic mortar material weighed 
around 32 kg but it contained both debris and part of 
the yoke. The final weight of the loose material was 
55 kg for each test. 

The instrumentation consisted of two 8-channel 
Datatraps (MREL) as the main recorder with 
sampling rate 10 MHz and a 4-channel Picoscope 
4424 with sampling rate 20 MHz, 0.05 s sample 
interval and 12-bit resolution. There were totally 
installed 7 piezoelectric accelerometers. Three 
accelerometers model DY 3200 BM, range 70 000 g 
were installed on the surface of the block. In some 
tests 2 more accelerometers (model B&K 8309, 
range 100 000 g) were installed on the surface and 2 
(model Endevco 7255A -1 Pyrotron, range 50 000 g) 
were placed in the yoke to both sides of the block in 
the extensions planes of the rows. The draw wire 
was manufactured by Firstmark Company with a 
sensitivity of 139.38 mm/V. 

The choice of the delay time was based on 
previous work (Johansson & Ouchterlony, 2011b). 
Blocks #2 & #5 belong to the first design with 5 
holes in each row and the rest of them to the second 
design with 7 holes in each row. The first design was 
used as reference. The delay time was scaled by 
using the ratio of the spacing distances between the 
two designs (110/82.5 = 1.33). Thus, the delay time 
of the second design was 110 s and 218 s 
corresponding to 146 s and 290 s of the first 
design (Table 1). Two firing patterns were tested i.e. 
V-shape and sequential. 

 
 

 

Table 1: The tests plan. 

Block Delay 
time, s

Firing 
pattern Conditions No. of 

holes 

Specific 
charge, 
kg/m3 

1 110 V-shape Confined 7 4.16 
2 290 Sequential Confined 5 2.56 
3 110 Sequential Confined 7 4.16 
4 218 Sequential Confined 7 4.16 
5 290 Sequential Free  5 2.56 

6 0-R1 
73-R2 Sequential Free 5 2.56 

7 290 Sequential Free 5 2.56 

4 RESULTS AND ANALYSIS 

4.1 Signal analysis 
A typical output of the accelerometers and the 
initiation system is presented in Figure 5. The P-
wave acceleration peaks roughly at 105.000 g. 

Figure 5: Output signals (Block #3 row #1). 
 
Figure 5 illustrates signals from Block #3 row #1 
(110 s delay). The black spikes correspond to the 
initiation, they were used to verify the planned delay 
time. The recorded signals are the output of the 
accelerometers which were installed in different 
known distances from the source point as is shown 
in Figure 3. Based on this the P-wave velocity can 
be calculated (Figure 6). In Figure 6, the presented 
P-wave velocities are presented from the tests and 
for both rows.  
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Figure 6: P-wave velocities in different distances from the 
source point. 
 
It is obvious that the scatter in the above figure is 
quite high especially for the second row, moreover, 
the second row has mostly lower values for the P-
wave velocity than the first row. This is likely 
because the second row is preconditioned from the 
first row, in which the material is intact.  

4.2 Fragmentation

4.2.1 Fragmentation under confinement 
There are many ways to evaluate the fragmentation 
of a blast using different models or techniques. The 
basic indicators can be the median fragment size 
(x50) of the material, the maximum fragment size 
(xmax). The value of the median fragment size can be 
obtained from a sieving process where the total 
amount of blasted material is sieved. The dry sieving 
process has some restrictions such as lowest limit of 
fragmentation e.g. 0.063 mm (depending on the 
equipment). 

The fragmentation model used was the 3-term 
Swebrec function (Ouchterlony, 2005): 

 
 

 

 
             
where xmax = maximum fragment size; x50 = median 
fragment size; and b = undulation parameter. 

After the sieving analysis of the loose material, 
both magnetic mortar and debris, the data were 

processed using the above function. Table 2 presents 
the x50, xmax and the undulation exponent b, of the 
Swebrec function of the blocks under confined 
conditions. The fit of the function is very good i.e. 
the determination coefficient is greater than 0.9987. 
The fragmentation characteristics were calculated 
based on Equation 1. 

The data of Table 2 are illustrated in Figure 7. 
B3R1 denotes block #3, row #1 etc. A direct 
comparison is not possible to make since several 
parameters are changed in the different designs such 
as firing pattern, specific charge and delay time. 
Thus, the comparison of the results must be carefully 
made between particular blocks. 
 
Table 2: Fragmentation characteristics under confinement. 

 
Nominal 
delay, s 

x50, 
mm 

xmax, 
mm b r2 

B1R1 110 33.0 67.9 1.79 0.9988 
B2R1 290 35.9 529.4 4.98 0.9994 
B3R1 110 29.3 123.4 2.47 0.9992 
B4R1 218 19.7 65.7 2.14 0.9994 

 
B1R2 110 21.5 86.5 2.60 0.9987 
B2R2 290 23.5 211.2 3.48 0.9997 
B3R2 110 15.7 94.5 2.75 0.9988 
B4R2 218 15.8 88.0 2.70 0.9993 

      
B1R3 110 13.3 82.6 3.00 0.9996 
B3R3 110 11.0 66.5 2.68 0.9989 

 
Comparisons can be made between the first rows of 
the following blocks:  

Block #1 and Block #3. The sequential pattern 
gives a 11 % finer fragmentation than the V-
shaped pattern,  
Block #2 and Block #4 due to different specific 
charge, which results in a finer fragmentation by 
around 45 % for the overcharged block,  
Block #3 and Block #4 due to different delay 
times, the block with the longer delay time (218 

s) gives a finer fragmentation, by almost 33 %, 
than the block with 110 s delay time, 
Block #2 and Block #5 due to different 
confinement conditions, the free face block 
gives a finer fragmentation, by 45 %, than the 
block under confined conditions. 

 Regarding the second row similar comparisons 
can be made: the sequential initiation gives almost 
27 % finer fragmentation than the V-shaped pattern, 
the overcharged block gives 32 %, finer 
fragmentation and finally, the blocks with different 
delay times give almost the same median fragment 
size. Possible explanations are the smaller burden 
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due to uneven formed free face or a different crack 
pattern caused by the blast of the first row. 

Generally speaking, the median fragment size of 
the first row is coarser than the median fragment size 
of the second row. 

Figure 7: The fragmentation results under confinement. 
 
This is reasonable because the material of the second 
row has been preconditioned by the blast of the first 
row, which caused back breakage and radial cracks 
in the material as opposed to at the first row, which 
had intact material. 

Regarding the change in fragmentation of the 
confined material i.e. the effect of debris lying in 
front of the burden, it seems to be influenced by the 
changed parameters in the different setups. Figure 8 
shows the change of the fragmentation of the debris 
as it is given by the Swebrec function. 

 
 

Figure 8: The fragmentation results of the debris. 

 
The fragmentation of the debris seems to be 
subjected to the natural breakage characteristic 
(NBC) concept as it was proposed by Steiner (1991 
& 1998) and widened by Moser et al. (2000). This 
means that by changing the specific charge the 
distribution curves move upwards showing more 
fine material. However, in these tests, as was 
observed there might be other parameters that can 
possibly influence the distribution curve such as the 
initiation pattern and the delay time (Figure 8). 

4.2.2 Fragmentation under free face 
A series of tests were performed using the same 
magnetic mortar block setup. However, in this case 
there is no material in front of the block. The only 
parameter that changes is the delay time of the 
blocks. In one block (Block #6) the two rows have 
different delay times. This block is treated in 
different way regarding the second row. Table 3 
presents the fragmentation characteristics given by 
the Swebrec function for both rows. 
 
Table 3: Fragmentation characteristics under free face. 

 
Nominal
delay, s

x50,      
mm 

xmax,     
mm b r2 

B5R1 290 19.7 126.5 3.04 0.9993 
B6R1     0 31.3 366.6 3.55 0.9997 
B7R1 290 22.6 192.8 3.66 0.9996 

      
B5R1 - - - - - 
B6R2  73 25.9 587.4 4.69 0.9995 
B7R2 290 17.5 156.9 3.23 0.9996 

- There are no results for Block #5 due to extensive back 
breakage from the blasting of the first row. 
 

Figure 9 illustrates the median values of the 
fragment size of the blasted material. As is observed 
in Figure 7, the second row gives smaller median 
size than the first row. The instantaneous initiation 
gives coarser fragmentation than the rows with delay 
time as was also observed by Johansson & 
Ouchterlony, (2011b). 
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Figure 9: The fragmentation results under free face. 

4.3 Burden compaction 
The second part in the study was to evaluate the 
burden behavior during the blast. The reference 
method chosen was the Nail. This was because the 
starting point of the burden movement was hidden 
behind the reflections of the waves, recorded with 
the accelerometers, in the block. This makes it 
almost impossible to separate exactly the part of the 
waveform that corresponds to the burden movement. 
The alternative methods implemented was the use of 
draw wire, however the draw wire should be 
installed in the reverse way to how it usually works 
i.e. instead of pulling out the wire, it should snap it 
back, also the draw wire showed a very slow 
response, which made it unsuitable for this kind of 
small scale tests.  

The compaction is given as a range because the 
method doesn’t provide a clear-cut value. The 
resolution of the method is 1.7 mm (distance 
between two consecutive holes) and the plunger can 
stop somewhere between the holes. 

Hence, the exact position of the plunger is not 
clear. Figure 10 shows the recorded spikes of the 
initiation system and the nails from different 
positions. The procedure that was followed to 
calculate the compaction and the velocity of the 
burden is to find the point where the burden starts 
moving. This is the first spike of the Nails and to 
measure the time span between two consecutive 
spikes of the Nails. After that, by knowing the time 
and the distance (compaction) of the two spikes, the 
velocity can be calculated. In Figure 10 the burden 
starts moving after 250 s after the detonation of the 
first blasthole. 

 
 

Figure 10: Signals from nails (Block #4 row #1). 
 
Table 4 presents the results of the nails in 

different positions on the face of a block. It is 
obvious that the scatter corresponding to compaction 
is quite large. One reason is that the plunger could 
get stuck in the coax pipe due to dust. Additionally, 
some data are missing due to problems with the 
recording device and in two cases the proper 
installation of the equipment was not possible due to 
very rough face of the second row. 
 
Table 4: The results of the nails. 

Compaction, mm 
1 2 3 

B1R1 12.6 - 14.3 12.6 -14.3 ----- 
B1R2 ---- 10.9 - 12.6 12.6 - 14.3 
B2R1 6.7 - 8.4 10.9 - 12.6 10.9 - 12.6 
B3R1 10.9 - 12.6   6.7 -   8.4 12.6 - 14.3 
B3R2   2.5 -   4.2 10.9 - 12.6   6.7 -   8.4 
B4R1 12.6 - 14.3 10.9 - 12.6   6.7 -   8.4 

 
The processed data are presented in Table 5, where 
the median maximum compaction peaked at 12.6 
mm and the peak velocity at 29 m/s. The behavior of 
the burden during the blast is portrayed in Figure 11. 
At the beginning the velocity gradually increases 
until reaching the peak value, after that the velocity 
abruptly drops down and finally begins to level out 
approaching the peak compaction. With respect to 
the results, there is evidence that shows that the 
burden movement stops at a lower value than the 
peak compaction, which means that the burden 
moves few millimeters backwards, the exact 
distance is not available because the nails were not 
able to record this behavior (Figure 14). 
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Table 5: The burden movement. 

Compaction, mm Velocity, m/s Standard deviation 
of the velocity 

0.0 0.0 0.0 
4.2 17.9 6.6 
6.7 28.8 4.5 
8.4 18.6 6.2 

12.6 8.62 4.3 
 
 
 

Figure 10: Burden velocity. 

5 DISCUSSION 

5.1 Fragmentation
Combining data from previous tests (Johansson & 
Ouchterlony, 2011b) with the data from these tests 
result in Figures 12 & 13. There is a tendency of the 
median fragment size to become smaller when using 
delay times up to 290 s. Previous researchers 
(Onederra, 2008, Stagg & Rholl, 1987, Stagg & 
Nutting, 1987) have presented that the fragmentation 
changes when the delay time increases. They have 
especially noticed that the optimum fragmentation 
depends on the delay time and the fragmentation 
reaches a minimum or makes a plateau at particular 
span of delay time. Figure 12 and Figure 13 
illustrate the median fragment size under free and 
confined conditions. In both of the figures, there is a 
trend that shows that the median fragment size 
becomes finer for longer delay times.  

For the free face case the delay time ranges from 
0 to 4.1 ms/m of burden and for the confined 
conditions ranges from 1 to 4.1 ms/m burden 
equivalent to 73 s and 290 s respectively. For the 
longest delay time (290 s) under free face 
conditions, the median fragment size for the row #2 
is missing because of the extensive back break 

damage of the block from the blast of the row 
#1.The extensive back break damage was observed 
in the blocks with delay times longer than 218 s 
and it might have an influence on the fragmentation. 

In the cases of the longer delay times (218 s & 
290 s), the crack begins roughly 150 mm from the 
first blasthole, the crack velocity is between 500-600 
m/s (Johansson & Ouchterlony, 2011b) which means 
that the crack will have reached the neighboring 
blasthole before the detonation in it.  

 
 

Figure 11: Median fragment size under free face (including 
data from Johansson & Ouchterlony, 2011b). 

 

 
Figure 12: Median fragment size under confinement (including 
data from Johansson & Ouchterlony, 2011b). 

 
Consequently, the stresses induced by the 

detonation and the gases of the second blasthole may 
enhance the period and length of crack growth. 
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To test longer delays than 290 s is not possible 
with this test setup because then each hole acts 
independently from the others, which means it is out 
of any kind of potential shock wave interaction 
when the delay time is longer. Additionally, the 
burden starts moving after roughly 250 s after the 
initiation of the first blasthole. Thus, there is a 
natural restriction of testing interactions for longer 
delay times with this setup.   

5.2 Burden
The literature is very limited regarding the burden 
behavior in small scale under confined conditions. 

According to the tests the burden reaches a 
velocity of around 29 m/s. The V-shaped initiation 
pattern gives about 15 % higher compaction than the 
sequential initiation pattern. 

The maximum compaction reaches about 20 % of 
the total distance between the face of the block and 
the steel plate. The burden does not stop at the peak 
point (maximum compaction) but it moves 
backward few millimeters, at least in small scale. A 
possible explanation for this is that the compacted 
material expands due to relaxation as the loading 
force by blast dissipates. 

 A sign of that is the small nail plate, in Figure 
14, which has stopped at the maximum point of the 
compaction, however the nail method was not 
design to record backward movement of the burden. 
Alternative methods such as optical or magnetic 
methods that are able to record this behavior could 
be used.   

 

Figure 13: The burden after blast. 
 
After the burden stops it is not in contact with the 

newly formed face of the block. There is a small air 
gap between the blasted burden and the new face, 
which is filled with the debris that was placed in 
front of the block’s face. It is obvious that a small air 
gap was formed and maintained its shape behind the 
blasted burden before it was filled by the debris. 

Finally, there was not any significant difference 
of compaction between the first and the second row, 
11.2 ± 2.3 mm and 11.1 ± 2. mm respectively. 

6 CONCLUSIONS  

These small scale tests showed the behavior of the 
fragmentation and the burden under different 
confinement conditions.  
 The P-wave velocity is higher in the intact 
magnetic mortar (row #1) than the preconditioned 
material (row #2). 

The fragmentation under confined conditions is 
coarser than under free face conditions as was also 
observed by Johansson & Ouchterlony (2011). 

The fragmentation becomes finer for longer delay 
times (> 4.1 ms/m of burden) than for very short 
delay times. 

The fragmentation of the debris changes when 
changing fundamental blasting parameters such as 
the specific charge, the delay time and the initiation 
firing pattern. 

The Swebrec function was used to analyze the 
fragmentation results of the magnetic mortar and the 
debris giving very good fit. 

The nail method gave reasonable results for the 
burden behavior as opposed to the draw wire and the 
accelerometers results where it was almost 
impossible to extract the burden movement. 

The burden peaks at a velocity of around 29 m/s 
and then comes few millimeters backwards, before it 
stops in its final position, at least in small scale tests. 

The compaction is roughly the same for the first 
and the second row. 

The compaction depends on the firing pattern. 
The V-shaped firing pattern gives higher compaction 
by 15 % due to differential movement of the two 
parts of the burden. 

Finally, there are some mechanisms active during 
long delays (> 218 s) causing extensive back break 
damage that can ruin the block, in small scale tests. 
They show a dependency of the delay times and the 
back break. Further study of these mechanisms is 
required to identify the possible interactions (crack 
propagation and gas expansion).  
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Abstract
Fragmentation is an important factor for improving downstream processes in mine operations. 
Six trials have been conducted at the Aitik copper mine to investigate the effect of ultra-short 
inter-hole delay times, i.e. smaller than 1 ms/m of burden, on fragmentation. Swelling, MWD 
data and crusher efficiency were also evaluated for trials. According to the results, the effect of 
examined short inter-hole delay times, i.e. 0.14 to 0.86 ms/m of burden, on fragmentation was 
found to be marginal. Delay time of 0.43 ms/m of burden resulted in slightly finer fragmenta-
tion and larger swell; however, the effect of short delays was overshadowed by the effect of small 
variations in specific charge.

Keywords: Fragmentation, electronic detonators, blasting, open pit.

By N. Petropoulos1, A. Beyglou2, D. Johansson3, U. Nyberg4 and E. Novikov5

1. Introduction
The primary purpose of blasting is to fragment 
rock into pieces of suitable dimensions for further 
handling. The degree of fragmentation directly in-
fluences post-blast operations’ costs as improved 
fragmentation can result in reduced costs for 
transportation of the blasted rock, improvements 
in metal recovery and environmental aspects as 
well as reductions in energy consumption during 
crushing and grinding of the blasted rock (Kojovic 
et al. 1995), (McKee et al. 1995), (Bulow et al. 
1998).

The effect of the initiation sequence and delay 
times on blast-induced fragmentation has been 
a subject of discussions for several years; yet re-
searchers do not agree about the effect. Until 
late 1990s it was not possible to apply theories 
of dynamic fracture mechanics and wave propa-
gation to fragmentation dynamics; this was due 
to the lack of precise and practical blasting caps 
with short-delays down to 1 ms. Yet new horizons 

opened up when reliable electronic detonators be-
came available. These detonators are now capable 
of interval delay times down to 1 ms or better and 
are of higher precision compared to conventional 
pyrotechnic detonators. The availability of elec-
tronic caps permitted the theories of overlapping, 
interaction and superposition of waves to be put in 
practice. Precise initiation with short delay times 
has been practiced in many countries (Australia, 
Chile, United States, New Zealand, etc.) and is 
claimed to result in noticeably better fragmen-
tation, hence considerable savings (Rossmanith 
2003). However, officially reported evidence as to 
whether short delays are beneficial to fragmenta-
tion is still lacking.

1.1 Theoretical background
Theoretical descriptions by Kouzniak & Ross-
manith (1998), as well as field validations by 
Vanbrabant et al. (2002), state that the positive 
pressure of a shockwave falls rapidly to negative 
values, denoting a sudden change from compres-

Fragmentation by Blasting through Precise Initiation: 
Full Scale Trials at the Aitik Copper Mine

1,2,3,4Swebrec at Luleå University of Technology, Sweden. 5Boliden Mineral AB, Sweden.
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sion to tension (Rossmanith 2002). In a simplified 
description of this concept, Rossmanith (2002) 
states that a stress wave of pulse type with finite 
length and finite duration consists of a leading 
part and a tailing part (figure 1).

Figure 1. Representation of stress wave/pulse in 
a) space domain and b) time domain, after Ross-
manith (2002).

The focus of traditional blasting is mostly on the 
leading part of the shockwave, i.e. the compres-
sion pulse. The compressive pulses reflect at the 
free face and return as tensile pulses that open up 
cracks and/or break the rock in tension. The free 
face is generally generated through the sequential 
initiation of blast holes in a way that the delay pro-
vides enough time for the previous blast holes to 
break the rock and move it forward (Vanbrabant 
& Espinosa 2006), (Johansson & Ouchterlony 
2013).

Short, small-scatter delay times of electronic deto-
nators provide the possibility to make the waves 
interact in such a way that tensile pulses overlap 
and increase the effect of the stress waves. De-
pending on the distance from the free face, the 
tensional states achieved in this way can be larger 
than those obtained by the reflection of compres-
sion pulses (Vanbrabant & Espinosa 2006).

For a clearer presentation of the aforementioned 
concept, Rossmanith (2002) suggested the usage 
of Lagrange diagrams, which in their simplest 
form consist of a time axis (ordinate) and a posi-
tion axis (abscissa). For the sake of simplicity the 
stress waves are assumed planar, i.e. one-dimen-

sional. The three dimensional effects of blast holes 
and charges are also ignored. Figure 2 illustrates 
the fronts and ends of P-waves and S-waves gen-
erated by two simultaneously initiated blast holes 
and their respective interactions on a Lagrange 
diagram.

Figure 2. Lagrange diagram of the interaction pat-
terns of the waves from two simultaneously initi-
ated blast holes, after Rossmanith (2002).

Short delay blasting aims to take advantage of the 
interaction and superposition of different stress 
waves from several blast holes by introducing a de-
lay time to the diagram in figure 2. The delay time 
shifts the initiation of the second hole upwards on 
the time axis, reshaping the interaction patterns. 
The interaction pattern and place of the overlaps 
vary depending on the delay time (Rossmanith 
2002), (Vanbrabant & Espinosa 2006). However, 
Rossmanith (2002) does not provide a criterion as 
to which interaction is the most favorable regard-
ing fragmentation.

On the other hand, Blair (2009) discussed the 
shortcomings of the conceptual ideas regarding 
the wave interactions by short delay times. In 
addition to arguments on precision of electronic 
detonators, Blair (2009) argues that even identi-
cally charged blast holes in uniform geology can 
produce waveforms of distinctly different shapes, 
and also that these waves suffer  significant chang-
es as they travel between interacting blast holes in 
ground. “Thus it is difficult to accept that ideal 
stress wave superposition will occur to any great 
degree.” (Blair 2009). He also introduced a new 
analytical model that considers ideal stress wave 
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propagation; the model showed that any superpo-
sition of stress waves from single-primed neigh-
boring blast holes or from dual-primed single blast 
holes plays little or no role in promoting fragmen-
tation, especially throughout an extended volume 
of rock (Blair 2009).

1.2 Cases studies
Although many researchers have studied the effect 
of delay time on blast-induced fragmentation, a 
consistent conclusion cannot be drawn about the 
optimum delay time. According to small-scale tri-
als conducted by  Stagg & Nutting (1987), the op-
timal delay time regarding fragmentation is 3.3 to 
55 ms/m of burden; their trials yielded coarse frag-
mentation for short delays (<3 ms), where break-
age approached presplit conditions with a major 
fracture between blast holes and large blocks in the 
burden region.  (Otterness et al. 1991), based on 
29 small-scale shots, also stated that delay times in 
the range of 3.3-13 ms/m of burden can improve 
fragmentation by 12-20%.

On the other hand, Rossmanith (2002) stated that 
interaction of blast waves is important in blast 
fragmentation. Since the speed of wave propaga-
tion is rather fast in typical rock, Rossmanith’s 
theory leads to use of short delay times, e.g. 3 ms. 
He claims that by use of electronic detonators 
with an inter-row delay of between 16 to 25 ms, 
optimal fragmentation has been achieved in sev-
eral mines, particularly in Chuquicamata in Chile 
and in various open-pit mines in the Hunter val-
ley in Australia (Rossmanith 2003). Through field 
tests at Barrick Goldstrike mines, McKinstry et al. 
(2004) also suggested a delay time of 0.43 ms/m 
of spacing to improve the fragmentation by tak-
ing advantage of interference of stress waves in the 
same row. Likewise, Rosenstock (2004) confirmed 
the positive effect of very small delay times. He 
stated that short delay blasting resulted in 10-20% 
increase in productivity and a reduction of 50% in 
the costs of drilling and blasting in a Nickel mine 
in Western Australia and two coal mines in New 
South Wales, Australia.

Vanbrabant & Espinosa (2006) conducted a se-
ries of field trials to examine the effects of overlap-
ping of the negative tails of stress waves via the 
use of short delay times of electronic detonators. 
They observed an average improvement of 45% 
in the mean particle size of the fragmentation. 
Small-scale tests in grandiorite blocks, conducted 
by Katsabanis et al. (2006), showed that the worst 
fragmentation is achieved by instantaneous initia-
tion and it improves with increasing delay times 
up to 1 ms. By up-scaling the results, Katsabanis 
concluded that delay times of few milliseconds per 
meter of burden result in improved fragmentation 
in full-scale grandiorite blasting. Rorke (2007) ar-
gued that a substantial improvement of fragmen-
tation has been documented at 2-7 ms inter-hole 
delay time compared to the conventional pyro-
technic delays in blasting of hard rock. In soft 
rocks the differences were less clear.

However, full-scale experiments of Ouchterlony 
et al. (2010) showed contradictory results. Their 
experiments included a drill pattern with 3.4 m 
spacing and 2.6 m burden, i.e. spacing/burden ra-
tio of 1.3. Designed inter-hole delay times of their 
tests were 1.92 ms/m of burden and 3.84 ms/m of 
burden; the inter-row delay time was 19.7 ms/m 
of burden, which is rather large compared to the 
inter-hole delay. They reported coarser fragmenta-
tion for the electronic detonators compared to py-
rotechnic caps. Johansson & Ouchterlony (2013) 
also conducted a series of small-scale tests to inves-
tigate the influence of delay time on the fragmen-
tation. No distinct difference was observed in the 
fragmentation for the case of stress wave interac-
tion compared to no stress wave interaction. Yi et 
al. (2012) performed a series of numerical simula-
tions of the aforementioned tests; they found the 
finest fragmentation was from relatively long delay 
times implying that stress wave superposition may 
not be the primary factor governing fragmenta-
tion. Their simulations were carried out using a 
similar methodology as Preece & Lownds (2009), 
who carried out the simulations with inter-hole 
delay times of 0, 2, 8 and 15 ms. Preece & Lownds 
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(2009) had also concluded that short delay times 
did not enhance fragmentation due to the com-
pression wave from the second blast hole quench-
ing the development of cracks initiated by the first 
blast hole.

Altogether, previous studies show a potential for 
electronic detonators and short delay times to im-
prove fragmentation. However, the incoherence 
within the results of the mentioned studies does 
not allow a specific conclusion to be drawn as to 
whether the short delay times are beneficial to 
fragmentation or not.

2. Trials at the Aitik mine
A total number of six benches were blasted and 
monitored in this study, of which four were initi-
ated using electronic detonators with short delay 
times and two were initiated by Nonel pyrotech-
nic system. The short delay times were chosen 
based on the geometry, velocity of P-wave in the 
rock and VoD of the explosive. For more informa-
tion regarding the calculations and choice of delay 
times refer to (Chiappetta 2010), (Vanbrabant & 
Espinosa 2006).

Table 1 summarizes the trials. All the trials had 
the same drilling pattern (7 m burden – 9 m spac-
ing) and the same inter-row delay time (176 ms). 
It also had been tried to keep the crucial param-
eters as consistent as possible. However, the tri-
als were conducted under production conditions, 
which limit the number of controlled parameters. 
This issue, common in almost all full-scale blast-
ing experiments, caused some data loss and mar-
ginal variations in some parameters, e.g. geology 

and specific charge. For the sake of clarity, any 
uncertainty or undesired variation is pointed out 
throughout the results.

2.1 Geology
The Aitik deposit is situated within an area of 
metamorphosed plutonic and volcano-sedimen-
tary rock of Precambrian era (1.8-1.9 Ga). Rock 
types within the deposit are strongly deformed 
and altered, and the mining area is divided into 
footwall, ore zone and hanging wall, based on 
structural boundaries and copper grades. Figure 
3 shows the local geology of the mine, it is com-
posed of feldspar biotite amphibolite gneiss (hang-
ing wall), biotite schist/gneiss, quartz muscovite 
sericite schist, quartz monzodiorite (footwall) and 
intrusions of pegmatite. The main copper-bearing 
mineral in Aitik is chalcopyrite (>98 %).

The trials have taken place in the south-western 
wall of the mine close to the hanging wall. Fig-
ure 4 and figure 5 give details of the geological 
variations of the test benches. Figure 4 shows 
the geology of level 210 and round number 12 
(S_210_12). It consists mainly of muscovite schist 
and some short intrusions of biotite gneiss, peg-
matite and biotite schist. Figure 5 portrays the 
geological variations of the level below, level 225, 
where another set of trials took place. The geology 
of level 225 is dominated by two main rock for-
mations, i.e. muscovite schist close to the hanging 
wall and biotite schist. There are also some intru-
sions such as biotite schist and amphibolite-biotite 
gneiss. The black line denotes the area with ore 
and the red line shows the boundary of the blast.

Table 1. Summary of the trials.
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The rock mass properties of 
the Aitik mine are presented in 
table 2 (West et al. 1985). The 
standard deviations of the test 
results are rather large, which 
indicates a large variation in the 
quality of the rock mass at the 
testing site. Based on table 2 
muscovite schist has the highest 
strength. The largest amount of 
muscovite schist was located on 
level 210 in rounds 11 and 12.

Figure 3. Geology of the Aitik Cu-Au-Ag deposit and its surroundings. Horizontal section at 100-200 m 
depth  (Wanhainen 2005). 

Figure 4. Geology in S1_210_12 trial.

Figure 5. Geology in S1_225_11-14 trials (legend see figure 4).
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3. Methodology 
3.1 Fragmentation image analysis
An image processing technique was utilized in 
this study to analyze the particle size distribution 
of the trials. There are several software packages 
available for this purpose. In this study, FragMet-
rics™ and Split-Desktop™ packages were evalu-
ated and used.

The FragMetrics™ system has been developed by 
Motion Metrics International Corp. The system 
has been installed on one of the rope shovels of 
the mine, which was used in these trials. However, 
the results from FragMetrics™ was disregarded in 
this study due to very low resolution of the sys-
tem’s camera (407x229 pixels), vibration blur in 
the images and functional limitations of the delin-
eation software.

The alternative image analysis software was Split-
Desktop™ which has been developed by Split 
Engineering LLC. The software had been evaluat-
ed by Petropoulos (2012) through laboratory ex-
periments. A sample muckpile was photographed 
3 times and for each image the material was mixed 
to expose different surface of the pile. The im-
ages were then analyzed and compared to sieving 
curves. Despite the deviations, the results were ac-
ceptable for the coarse and medium-size parts of 
the distribution curve.

In this study the material was photographed on 
truck beds. For each trial a series of images have 

been captured per truck in order to choose the 
most appropriate one in terms of visibility, clar-
ity, contrast etc. The truck beds’ dimensions were 
measured and used as scales for image analysis 
software. For each trial about 40 images were ana-
lyzed and averaged to give one representative dis-
tribution curve per trial.

3.2 Swelling
The swelling of each trial has been measured in 
order to observe any influence of the short inter-
hole delay time on it. The measurements have 
been taken by means of Real Time Kinematic 
GPS (RTK-GPS). Table 3 shows the area of each 
trial as well as the number of swelling points.

Table 3. Area of each trial.

3.3 Measure-While-Drilling (MWD)
Drill rigs in the Aitik mine are equipped with Mea-
sure While Drilling (MWD) system, which logs 
several drilling characteristics. Torque, penetration 
rate, feed force and rotation speed of the drill bit 
are the main measurements of MWD, which were 
recorded every 10 cm along the drill hole. Pen-
etration rate has been the main measure for the 
hardness of the rock; however, it is affected by the 

Table 2. Rock mass properties (West et al. 1985).



Fragmentation by Blasting through Precise Initiation: Full Scale Trials at the Aitik Copper Mine  | 93

Blasting and Fragmenation
Vol. 8, No. 2, 2014

variations of the other factors such as feed force 
and torque. Therefore, Teale (1965) introduced 
the concept of specific energy of drilling, which 
represents the work done per unit rock excavated. 
The concept of specific energy has been evaluated 
by Schunnesson & Mozaffari (2009) and has been 
accepted as a normalized comparative measure for 
rock mass hardness, see equation 1.

Where, SE  is Specific energy [Ncm/cm3], F  is 
Feed force [N], A is Cross-section area of the 
drill hole [cm2], N is Rotation speed [RPM], T is 
Torque [Nm] and P is Penetration rate [m/min].

The specific energy of drilling has been calculated 
and averaged along the depth for each individual 
blast hole; the parts of the holes close to the surface 
were excluded from the analysis because of their 
disturbed condition due to previous blasting in 
levels above. The measurements corresponding to 
areas with large fractures have also been excluded 
from the analysis. The final results of the MWD 
analysis provide a comparative measure for the 
hardness of the rock in different benches, which 
may vary depending on the geological structure. 
In a comparative manner, higher specific energies 
indicate ground which is harder to drill due to 
stronger rock mass formations.

3.4 Crusher energy efficiency
The crusher station utilized for the trials (Allis 
Superior 60-109) consists of two parallel gyratory 
crushers with an opening of 1520 mm operating 
in choked mode. The diameter at the lower part 
of the mantle is 2770 mm and the closed side set-
ting of 160-180 mm determines the crusher prod-
uct. The coarsest particles after crushing vary from 
350 mm to 400 mm in size, depending on the 
characteristics of the ore (Bergman 2005).

Energy consumption of the crusher was logged 
and analyzed in order to evaluate the effect of de-
lay times on crushability of the broken material. 
The energy consumption was logged every 12 sec-

onds, i.e. 5 readings per minute. The readings cor-
responding to idle times and crusher malfunctions 
were excluded from the analysis. 

The Aitik mine is also equipped with Minestar 
integrated operation and mobile equipment man-
agement system, which logs the real-time coordi-
nates and activities of all the fleet of trucks. Us-
ing the Minestar database, the trucks that loaded 
the ore from trial benches were identified and the 
payload of each truck was extracted. Through vi-
sual observations at the crusher, a timespan of 4 
minutes was approximated for the ore from one 
truck to enter the crusher opening and be crushed. 
The energy consumption at the crusher during 4 
minutes from dumping was then correlated to 
the tonnage of the material entering the crusher 
to determine the crushing energy per tonne ore 
(CE). Due to limitations of the Minestar data and 
crusher functionality, only a limited number of 
trucks could be taken into account for each trial; 
additionally, the variations in crushing energies 
were rather large. Therefore the crushing energy 
was analyzed through a statistical approach and 
outliers were eliminated. The results of the analy-
sis present the mean and median crushing energy 
per tonne ore (KWh/tonne) for each trial.

4. Results
4.1 Fragmentation
The fragmentation analysis has been carried out 
based on the results from trials with the short in-
ter-hole delay time compared with the results from 
two reference rounds. About 40 images (trucks) 
have been analyzed per campaign. For each cam-
paign, the fragment size distribution curves of all 
images have been averaged to a single curve to rep-
resent the trial (figure 6).

The two coarser fragment distribution curves 
are from the level above (S1_210) the rest of the 
benches (S1_225), which also happens to con-
sist of harder material (see figure 4 and table 2). 
This was the main reason for having two reference 
rounds on two levels.
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Figure 7 features the fragment sizes above 50% of 
the passing material, i.e. x

50
, x

80
 and x

max
. There is 

no clear trend about the behavior of the fragmen-
tation; however, one can easily see that there is a 
minimum at the inter-hole delay time of 3 ms or 
0.43 ms/m of burden. This difference is larger in 
the coarser region of the distribution curve. The 
6 ms delay time gave the coarsest fragmentation 
among all the trials including the reference rounds 
with 42 ms inter-hole delay time.

Figure 8 (a) portrays the scatter for the median size 
(x

50
) and Figure 8 (b) shows the considered over-

size material (x
80

). The scatter of the median size is 
rather large for the first two trials due to different 
shooting angle, i.e. the shooting angle of the cam-
era is not perpendicular to the truck axis. After 
processing the first two trials, that source of error 
was identified and minimized as shown at the rest 
of the trials. The scatter of the last four trials seems 
to be consistent. The same problem was observed 

Figure 8. a) Median size scatter and b) x80 scatter.

Figure 6. The fragmentation results.

Figure 7. Fractions of fragmentation.
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at the scatter of the oversized material as well. The 
oversize material essentially shows the amount of 
produced boulders by blasting.

4.2 Swelling
The analysis of the data is based on the average 
values of the elevation of the benches (table 4). 
Figure 9 illustrates the swelling values with respect 
to inter-hole delay times. One can see that the 
short delay times (1 and 3 ms) give higher swell-
ing than that of the regular delay time (42 ms). As 
the delay time becomes longer, i.e. after 6 ms, the 
swelling becomes lower and its value is close to the 
regular delay time.

The swelling measurements have not been taken 
at the entire area of each trial due to safety issues, 
i.e. craters and unstable boundaries of bench.  At 
the edges of the bench, i.e. close the wall and close 
to the consecutive bench, there was a deep trench 
formation. The swelling at the central part of the 
trials was uniform.

Confinement of the bench seems to have a great 
influence on the swelling of a bench. For instance, 
bench S1_225_11 (1 ms) and bench S1_225_14 
(1 ms) were located at the same level and they 
had the same delay time and in terms of geology 
they were similar. However, the first bench was 
blasted under free face and the other bench was 
fully confined. The bench showing larger swelling 
(S1_225_14) gave finer fragmentation by 22.5 % 
than the other one (S1_225_11). Based on this 
fact, one question rises if the swelling can be used 
as rough indicator of fragmentation from different 
rounds.

4.3 MWD and crusher energy consumption
The results of the MWD data analysis in terms 
of specific energy of drilling (SE) are presented in 
table 5. Unfortunately no data was recorded for 
the bench S1_210_12 due to technical problems 
in the drill rig. Also for bench S1_210_11 the data 
could be retrieved for only 73 holes.

Table 4. Swelling values.

Figure 9.  Swelling values.
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The standard deviations of SE values correspond 
to the extent of geological variations in each bench. 
Due to large amount of data and large variations 
in SE in each bench, median values, instead of 
mean values, will be considered as indicator for 
further comparisons.

As seen in table 5, largest variations were observed 
in bench S1_210_11, which also shows largest SE 
among all benches. Bench S1_225_12 shows low-
est SE with lowest standard deviation. Although 
the specific energy of drilling varies within a lim-
ited range between benches, the values present a 
comparative statistical measure for rock hardness.

The crushing energy per tonne ore for trial bench-
es are presented in table 6. The results are based 
on a limited number of dumps fed to the crusher, 
which corresponds to the trucks that carried a 

well-measured payload and could be successfully 
tracked to the crusher. 

As seen in table 6, both benches on the level 210 
(S1_210_11 and S1_210_12) show lower CE 
than the benches on level 225 (S1_225_11-15), 
while bench S1_225_12 shows the highest CE 
among all benches. 

Interestingly, the results from MWD and crusher 
show an inverse correlation between SE and CE. 
Figure 10 shows a simple plot of CE vs. SE; it 
can be seen that regardless of fragmentation, the 
higher specific energy of drilling statistically cor-
responds to lower crushing energy per tonne ore. 
However, a larger number of trials is needed be-
fore any conclusion can be drawn about this.

Table 5. Results of MWD analysis.

Table 6. Crushing energy per tonne ore.
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5. Discussion
Table 7 summarizes the statistics of all the results. 
To compensate the variations of as-charged holes 
from as-planned holes, the as-charged specific 
charge of each trial has been extracted from the 
charge reports and added to the results.

As mentioned before, two trials on level 210 
(S1_210_11 and S1_210_12) were photographed 
differently than the rest of the trials. The fragmen-
tation for these two trials, consequently, shows 
rather large deviations, which makes them unsuit-
able for comparison with the rest of the trials. Ad-
ditionally, the unavailability of data for swell and 

specific drilling energy for each of these two trials 
forced the authors to omit them from discussions 
to keep a consistent data quality.

For a better view over the variations of each factor, 
the results of the trials on level 225 are presented 
as percent deviation from their mean in table 8.

As seen in table 8, Bench S1_225_11 with 1 ms 
delay yielded coarsest fragmentation and lowest 
swell compared to the rest of the trials; while bench 
S1_225_12 with 3 ms delay resulted in finest frag-
mentation. However, one should notice the effect 
of specific charge prior to any interpretation of 

Figure 10. Specific energy of drilling versus crushing energy per tonne ore.

Table 7. Summary of the results of the trials.
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delay effect. Benches S_225_11 and S1_225_14 
were both blasted by 1 ms inter-hole delay time; 
specific drilling energy (SE) and crushing energy 
per tonne ore (CE) of both trials are also similar; 
however, bench S1_225_11 yielded 28% coarser 
x

50
 and 13% lower swell than the mean, while 

bench S1_225_14 showed almost 1% finer x
50

 and 
14% larger swell than the mean. The same trend 
can be observed for x

80
 values of these trials. The 

only difference in blasting of these two benches is 
the slight change of specific charge from 1.05 kg/
m3 in S1_225_11 to 1.10 kg/m3 in S1_225_14. 
Therefore, one can observe that the trivial increase 
in specific charge has affected the fragmentation 
and swell to a large extent. On the other hand, 
bench S1_225_12, with 3 ms delay time, yield-
ed finest fragmentation compared to other trials; 
the swell for this trial was also 6% larger than the 
mean. By comparing this trial with the reference 
trial (S1_225_13), one can observe that although 
the specific charge is larger in the reference trial, 
the trial with 3 ms delay resulted in approximately 
10% finer fragmentation and 14% larger swell.

Altogether, table 8 shows rather marginal effect of 
inter-hole delay time on fragmentation. Although 
3 ms delay time resulted in finer fragmentation 
and larger swell, the results suggest that the ef-
fect is not as considerable as mentioned in the lit-
erature. One possible explanation for that could 
be the considerably large specific charge in Aitik 
mine. Previous studies in Aitik mine (Ouchter-
lony et al. 2012), (Nyberg et al. 2006) have shown 

that variations in specific charge and geology of 
the bench are of great importance in fragmenta-
tion results. In this study, the geology was kept as 
consistent as possible, suggesting that the effect of 
delay time on fragmentation was easily overshad-
owed by slight variations of specific charge. Some 
improvements were observed in the trial with 3 ms 
delay time, however the improvements were mar-
ginal and delay times did not show any significant 
effect regarding fragmentation. Specific charge, 
instead, showed to be the dominating factor for 
fragmentation.

6. Conclusions
1. Of all the trials, the one with 3 ms delay result-
ed in finest fragmentation. Compared to a more 
or less similar reference trial, the 3 ms delay yield-
ed 10% finer fragmentation and 14% larger swell. 
However, the improvement was not as significant 
as stated by Rossmanith (2002) and Vanbrabant 
& Espinosa (2006).

2. Two trials with 1 ms delay did not show any 
significant effect of delay time on fragmentation.

3. Specific charge was found dominant over the 
delay time regarding fragmentation. In a pairwise 
comparison between two fairly identical trials, a 
5% increase of specific resulted in approximate 
reductions of 25% and 10% in x

50
 and x

80
, respec-

tively. It also yielded a 25% larger swell.

4. Regardless of fragmentation, the crushing en-

Table 8. Percent deviation from mean for trials on level 225.
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ergy per tonne ore (CE) displayed an inverse cor-
relation to specific energy of drilling (SE). In other 
words, harder, more brittle rock (larger SE) con-
sumed less energy in the crusher (smaller CE).

5. Measure While Drilling (MWD) data was 
found useful for geological evaluations. The data, 
if analyzed properly, can be used as an overall geo-
logical indicator in a comparative manner.

6. Split-Desktop software for image analysis of 
fragmentation was found very sensitive to image 
quality as well as consistency of imaging angle. 
The results from two trials had to be ignored due 
to their different shooting angle. The fragmenta-
tion analysis by Fragmetrics package, on the other 
hand, was not found practical, due to its poor im-
age resolution and insufficient capabilities of the 
delineation software.

7. Acknowledgments
The authors wish to thank Vinnova (the Swedish 
Governmental Agency for Innovation Systems) for 
funding support. Boliden Mineral AB and LKAB 
are also acknowledged for supplementary funding. 
Additionally, the authors would like to thank the 
personnel of the Aitik mine for their support and 
cooperation.

8. Reference
Bergman, P., 2005. Optimisation of fragmentation 
and comminution at Boliden Mineral, Aitik Opera-
tion. Doctoral thesis at Lulea Univerisity of Tech-
nology.

Blair, D., 2009. Limitations of electronic delays 
for the control of blast vibration and fragmenta-
tion. Boca Raton, CRC Press, pp. 171-184.

Bulow, B., Smallbone, P. & Walker, B., 1998. 
Blasting for reduced process plant costs at argyle dia-
mond mine. Brisbane, Proc. Mine to Mill Conf. 
pp. 199-208.

Chiappetta, F., 2010. Combining electronic detona-
tors with stem charges and air decks. Drill and Blast 
2010. Perth, Australia [presentation].

Johansson, D. & Ouchterlony, F., 2013. Shock 
wave interactions in rock blasting-the use of short 
delays to improve fragmentation in model scale. 
International Journal of Rock Mechanics and Rock 
Engineering, Volume 46. pp. 1-18.

Katsabanis, P., Tawadrous, A., Braun, C. & Ken-
ndy, C., 2006. Timing effects on the fragmentation 
of small scale blocks of granodiorite. International 
Journal of Fragmentation by Blasting-Fragblast, 
10(1-2), pp. 83-93.

Kojovic, T., Michaux, S. & Mckenzie, C., 1995. 
Impact of blast fragmentationon crushing and 
screening operations in quarrying. Brisbane, EX-
PLO 95 Conference, AusIMM, pp. 427-436.

Kouzniak, N. & Rossmanith, H., 1998. Superson-
ic detonation in rock mass-Ananlytical solution 
and validation of numerical models. International 
Journal of Blasting and Fragmentation, Volume 2, 
pp. 449-486.

McKee, D., Chitombo, G. & Morrell, S., 1995. 
The relationship between fragmentation in min-
ing and comminution circuit throughput. Miner-
als Engineering, 8(11), pp. 1265-1274.

McKinstry, R., Bolles, T. & Rantapaa, M., 2004. 
Implementation of electronic detonators at Barrick 
Goldstike Mines. New Orleans, LA, 30th ISEE An-
nual Conference on Explosives and Blasting Tech-
nique, pp. 349-361.

Nyberg, U., Esen, S., Bergman, P. & Ouchterlony, 
F., 2006. Uppföljning av styckefallet i salva 4141-2 i 
Aitikgruvan, Luleå: Swebrec rpt 2006:1.

Otterness, R., Stagg, M. & Rholl, S., 1991. Cor-
relation of shock design parameters to fragmenta-
tion. Las Vegas NV, 7th ISEE Conf. on Explosives 
and Blasting Research, pp. 197-181.



100  |  Petropoulos, Beyglou, Johansson, Nyberg, and Novikov

Blasting and Fragmentation
Vol. 8, No. 2, 2014

Ouchterlony, F., Bergman, P. & Nyberg, U., 2012. 
Fragmentation in production rounds and mill 
through-put in the Aitik copper mine, a summary 
of development projects 2002-2009. Fragblast 10. 
New Delhi, CRC Press Balkema, pp. 117-128.

Ouchterlony, F., Nyberg, U. & Olsson, M., 2010. 
Optimal fragmentation on quarries, field tests at 
Långåsen, Luleå: Swebrec rpt no. 2010:2.

Petropoulos, N., 2012. Comparison of SplitDesktop 
Version 3.0 and SplitDeskptop 2.0, Luleå: Swebrec 
rpt 2012:U1.

Preece, D. S. & Lownds, C. M. 2009. 3D Com-
puter Simulation of Bench Blasting With Precise 
Delay Timing. Blasting and Fragmentation Jour-
nal, Volume 3, Number 3, pp. 227-240.

Rorke, A. J., 2007. An evaluation of precise short 
delay periods on fragmentation in blasting. Vien-
na, Vienna Conference Proceedings 2007, P. Moser 
et al. 2007 European Federation of Explosives En-
gineers. pp. 257-263.

Rosenstock, W., 2004. Advanced electronic blast-
ing technology (AEBT). Breaking 3.205.000 tons 
of ore within a millisecond. New Orleans LA, 30th 
Annual Conference on Explosives and Blasting Tech-
nique, pp. 61-68.

Rossmanith, H., 2002. The use of Lagrange dia-
grams in precise initiation blasting Part I: Two in-
teracting blastholes. Fragblast, 6(1), pp. 104-136.

Rossmanith, H., 2003. The mechanics and phys-
ics of electronic blasting. Nashville, Tennesse, 29th 
ISEE Annual Conference on Explosives and Blasting 
Technique, pp. 93-101.

Schill, M., 2012. Finite elements simulations and 
the effects of precise initiation on fragmentation, s.l.: 
Swebrec report no. 2012:2.

Schunnesson, H. & Mozaffari, S., 2009. Produc-
tion control and optimization in open pit min-
ing using a drill monitoring system and an image 
analysis system: a case study from Aitik copper 
mine in Sweden. Journal of Mines, Metals and Fu-
els, 57(9), pp. 244-251.

Stagg, M. & Nutting, M., 1987. Influence of blast 
delay time on rock fragmentation: One-tenth scale 
tests. s.l., Surface Mine Blasting IC 9135, US Bu. 
Mines, pp. 79-95.

Teale, R., 1965. The concept of specific energy 
in rock drilling. International Journal of Rock Me-
chanics and Mining Sciences, Vol. 2, pp. 57-73.

Vanbrabant, F., Chacon, P. & Quinones, A., 2002. 
P and S Mach waves generated by the detonation 
of a cylindrical explosive charge-Experiments and 
Simulations. International Journal of Blasting and 
Fragmentation, Volume 6:1, pp. 21-35.

Vanbrabant, F. & Espinosa, A., 2006. Impact of 
short delays sequence on fragmentation by means 
of electroic detonators: theoretical concepts and 
field validation. Fragblast 8, Santiago, Chile, pp. 
326-331.

Wanhainen, C., 2005. On the origin and evolu-
tion of the Palaeoproterozoic Aitik Cu-Au-Ag de-
posit, northen Sweden: a porphyry copper-gold ore, 
modified by multistage metamorphic-deformational, 
magmatic-hydrothermal, and IOGG-mineralizing 
events. Doctoral thesis at Lulea Univerisity of 
Technology 

West, R. et al., 1985. Aitik slope stability study, 
Call & Nicholas Inc. Report to Boliden Mineral 
AB. Aitik Mine: Call & Nicholas.

Yi, C., Johansson, D., Nyberg, U. & Sjöberg, J., 
2012. Numerical simulation for the influence of 
delay time on the rock fragmentation. Fragblast 
10, New Delhi, CRC Press/Balkema, pp. 213-220.



 

65 
 

 

PAPER 3 

 

Design of equipment for dynamic burden measurements 

 

 

 

 

 

 

 

 

 

 

 
 

Petropoulos, N., Mihaylov, D., Johansson, D., Wimmer, M., & Nordqvist, A. (2015). 
Design of equipment for dynamic burden measurements. 11th International Symposium 
on Rock Fragmentation by Blasting. In press: The Australasian Institute of Mining and 
Metallurgy. 

 
 

  



 

66 
 



















 

67 
 

PAPER 4 

 

Analysis of rock fragmentation and its effect on gravity flow at the Kiruna 
sublevel caving mine 

 

 

 

 

 

 

 

 

 

 

 

Wimmer, M., Nordqvist, A., Righetti, E., Petropoulos, N., & Thurley, M. (2015). 
Analysis of rock fragmentation and its effect on gravity flow at the Kiruna sublevel caving 
mine. 11th International symposium on Rock Fragmentation by Blasting. In press: The 
Australasian Institute of Mining and Metallurgy. 

 
 

 









































 



 


