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ABSTRACT 

Open pit mines constitute more than half of global minerals production. Yet most of the large, 
high-grade, and close to the surface deposits have been depleted or are currently in production. 
Besides, volatility in commodity prices and stringent environmental regulations limit the up-scaling 
expansions in large open pits. Consequently, the mines are determined to increase their operational 
efficiency in order to thrive. This has recently led to major metallurgical improvements in the 
processing of ores; whereas the improvements in mining of the said ores are relatively overdue in 
terms of efficiency and technological advancement. This thesis concentrates on the mining activities 
and their efficiency in open pits with a focus on drilling, blasting, loading, and crushing. As all of 
these tasks revolve around the fragmentation of run-of-mine ore, their relationships and efficiencies 
are explored within the context of fragmentation. 

Fragmentation is a result of complex interactions between rockmass, blasting geometry, explosive, 
and timing sequence of blast holes. The influence of rockmass and timing sequence on fragmentation 
and efficiency are explored, as well as the target fragmentation for efficient loading and crushing. 
Moreover, the techniques for measuring fragmentation are evaluated as to whether they can benefit 
mines in terms of efficiency. As the circumstances in open pits are essentially site-specific, these issues 
are addressed as a case study of the Aitik mine in Sweden. 

The research comprised four elements. First, the influence of rockmass fractures on blast results and 
downstream efficiency was evaluated via full-scale field trials. The fractures in and around the case 
study mine were mapped using a photogrammetric technique and six production blasts were adapted 
to the major fracture sets to evaluate the effect of initiation direction on downstream efficiency. 
Second, the influence of the timing sequence of blast holes was explored within the theories of stress 
waves interaction and their consequent effect on fragmentation. Theoretical and numerical solutions 
were accompanied by six field trials in full-scale to evaluate the influence of short delay times on 
fragmentation and efficiency. Third, an empirical study was conducted to correlate fragmentation to 
the efficiency of loading and crushing; this was done to define a target fragmentation for the studied 
case. Finally, the techniques to assess fragmentation were discussed both quantitatively and 
qualitatively. 

The findings indicated that rockmass fractures have a significant influence on the quality of blasts and 
efficiency of downstream tasks. In the case study mine, adjustments to orientation of drill pattern and 
initiation direction of blasts suggested that careful experimentation in this regard can yield a 
favourable initiation direction with respect to existing discontinuities. Finer fragmentation and higher 
loading efficiencies can be achieved by adapting the blast designs to the existing fractures, which can 
lead to significant savings in the long run. On the contrary, the influence of stress waves interaction 
on blast results turned out to be marginal. Neither the theoretical and numerical solutions nor the 
field trials showed any significant improvements in blast results from short delays. In fact, it was 
found rather implausible to expect any noticeable improvements by using short delays. 

The empirical method to evaluate target fragmentation proved useful as well. It was shown that by 
incorporating different data from various sources in a mine, one can follow the ore from muckpile to 
loaders and then to crushers. Having a qualitative understanding of the fragmentation, and by 
developing tools to measure efficiency, one can estimate what fragmentation is most favourable for 
an efficient operation. Finally, two image-based methods to assess fragmentation were discussed in 
terms of repeatability and statistical significance. It was found that the scatter in both methods is 
rather large, introducing a certain ambiguity in representativeness of their results. Admittedly, it was 
found that in matters of long-term efficiency, the number, size and representativeness of assessed 
samples are of more importance compared to the accuracy of individual measurements. 
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1. INTRODUCTION 

From prehistoric weapons to modern electronics to nuclear fuels, history is full of evidence showing 
that minerals have been the building blocks of human civilization. Mining, as the method to extract 
these minerals from the earth, has been one of the primary industries that contribute to the 
development and wealth of humankind. 

Open pit mining is one of the simpler methods among various surface and underground mining 
techniques. Although the basic concept behind open pit mining is quite simple, planning and 
operating one is rather complex; especially when economy and profitability of the operation is at 
stake. 

Open pits generally require large capital investment but provide higher productivity and lower 
operating costs compared to other methods. However, recent competitiveness in production rates, 
rapid depletion of high-grade minerals, volatility in commodity prices and strict environmental 
liability of the industry have given rise to an international demand for more efficient and 
environmentally friendly operations. Considering that a large portion of global mineral exploitation 
takes place through surface mining, it is of utmost importance to understand, evaluate, and improve 
the operational efficiency of open pits. 

Mineral processing aside, the mining procedure in a typical open pit involves drilling, blasting, 
loading, hauling and crushing. Each of these tasks comprises various fine details that determine the 
outcomes, spent resources, and hence efficiency of the task. Yet the consequences of these details are 
not limited to the task itself, but extend to several downstream processes. Therefore, the overall 
efficiency of an operation depends on efficiency of individual tasks and their corresponding influence 
on efficiency of downstream tasks. This, in turn, leads to a complicated system of cause-and-effect. 
Add to this the uncertainties associated with unpredictable nature of the earth and even more 
complexity will arise. 

All aforementioned tasks in an open pit, including their details and complexities, revolve around one 
integral trait of loose rock: fragmentation. The tasks prior to blasting aim to break the given rock 
into pieces of suitable size for further handling; while the tasks subsequent to blasting transport and 
handle those pieces (Figure 1). 

 

Figure 1: The pivotal role of fragmentation in an open pit mine. 

In principle, the drill and blast tasks go hand in hand with geological surveys and careful planning 
and design to determine the fragmentation, i.e. the level and uniformity of breakage. This, in turn, 
defines the productivity and efficiency of subsequent tasks, including loading and crushing. In reality, 
however, the extent of the influences between these tasks is rather unclear and site-specific. In 
addition, a wide variety of engineering disciplines are associated with this scheme, of which several 
are only based on experimental knowledge. It is therefore a difficult task to outline a definitive 
answer to the question of efficiency in open pits. 
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1.1. Problem Statement 
An “ideal” open pit operation utilizes a combination of different details and techniques in each of the 
aforementioned tasks, in such a way that optimal production is achieved with minimum resource 
expenditure. However, there are some obstacles in this simple scheme: 

1. The earth is a complex medium with unpredictable characteristics; it is virtually impossible to 
have a full grip on all traits of a given rockmass. This introduces a certain ambiguity in our 
perception of lithology, grades, and structural geology of the rockmass. 
 

2. Blasting, in and of itself, is a complicated phenomenon and involves various chemical, 
mechanical, and thermodynamic processes. Such intricate reaction takes place within the 
rockmass in a fraction of a second. It then translates into mechanical interactions between 
hot, high pressure gases and the rock medium with its distinct characteristics and structural 
features, and finally breaks the rock into pieces. Although the final product (fragmented rock) 
is achieved, little is known about the inclusive physics behind these interactions and the 
quality of breakage, i.e. fragmentation. This, again, is mostly due to uncertain traits of the 
rockmass and its behaviour in response to blasting. This is also the main reason why the 
blasting technique, unlike many other disciplines, is established empirically and is not fully 
formulated in terms of physics. At present, most criteria for design of blasts are based on rules 
of thumb, gathered over decades of field experimentation. Severe site-dependence and 
subjectivity of these rules of thumb are other consequences of those uncertainties. 
 

3. There is no doubt about the influence of fragmentation on downstream processes. However, 
it is still not possible to define how and to what extent fragmentation affects these tasks. 
Without this knowledge, it is difficult to define the target fragmentation for drill and blast 
operation. This can only be overcome by trial and error or empirical experimentation. 
Loading is a clear example of this; fragmentation of a muckpile, among other factors, is an 
influential factor in the efficiency of loading. Yet the mechanics of this influence are not clear 
and empirical observation is the only tool available for evaluating them. This also owes to 
drawbacks of available techniques for measuring fragmentation, which leads to the last point. 
 

4. In order to establish empirical knowledge about fragmentation, it is crucial to have a solid, 
repeatable technique for measuring different aspects of it. Unfortunately, the only reliable 
technique for this (physical sieving) is too costly and impractical to be routinely implemented 
in open pits. Other present-day methods such as image analysis are also associated with 
shortcomings, e.g. low repeatability, sampling bias, or dependence on external factors. 
Therefore it is important to define a systematic method for evaluating fragmentation, may it 
be quantitative or qualitative. 

These problems limit our understanding of the open pit efficiency issue. Yet a systematic effort to 
gain insight into each of these may shed some light on our way towards more efficient operations. 

 

1.2. Objective and Research Questions  
The objective of the thesis is to gain deeper knowledge about factors of influence in the efficiency of 
open pit operations, and to propose methods to utilize this knowledge towards improving efficiency 
and productivity in open pit mines. 

The core elements of the thesis are simplified in Figure 2. In a typical open pit, fragmentation 
determines the efficiency of downstream tasks; while rockmass characteristics, explosive properties, 
blasting geometry and timing sequence are the fundamental factors that influence fragmentation. 



3 
 

Each of these influencing factors consists of various parameters which all affect efficiency in one way 
or another. 

 

Figure 2: Core elements of the thesis and their inter-relations. 

Among the factors that determine fragmentation, rockmass is the only uncontrollable entity. 
Explosive properties, blasting geometry and timing of the blasts should be adapted to the hosting 
rock; this, in turn, defines the fragmentation as a response to the blast setup. Consequently, it is 
crucial to have a practical understanding of the rockmass, its response to different blasting setups, and 
its effect on operational efficiency. This forms the first research question: 

 

The influence of blast setup on fragmentation follows next. The timing sequence of blast holes, along 
with explosive properties and geometry of blast pattern, is one of the key components of bench 
blasting. As it is associated with stress wave propagation in rockmass and relief-time for gas 
expansion, timing sequence is considered an important parameter in blast-induced fragmentation. It 
is, therefore, important to investigate its influence as formulated in the next research question: 

 

The downstream effects of fragmentation, on the other hand, deal with productivity of loading and 
crushing as tasks affected by fragmentation. For any mining operation, it is of great importance to 
define the target fragmentation for drill and blast tasks. Therefore, the effect of fragmentation on 
these tasks should be evaluated and the most favourable fragmentation should be defined. This shapes 
the third research question: 

 

Finally, all the aforementioned issues are related to fragmentation, which is rather difficult to measure 
in a reliable manner. Therefore, it is important to evaluate the measuring techniques and use the 
available tools in the most representative manner in the context of efficiency. This forms the basis for 
the last research question: 

 

 

RQ1. How can rockmass characteristics be implemented in open pit 
operations to improve fragmentation and efficiency? 

RQ2. How can stress wave propagation theories be utilized to improve 
fragmentation and efficiency through the timing of blast holes? 

RQ3. What are the effects of fragmentation on the efficiency of 
downstream tasks and what fragmentation is most favourable? 

RQ4. How can fragmentation measurement techniques be utilized to 
improve efficiency? 
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1.3. Scope and Limitations 
The general scope of the thesis can be defined as gaining practical understanding of issues related to 
open pit mining and its efficiency. The aim is to advance one step towards more efficient, 
environment-friendly, and less energy-intensive operations in the foreseeable future. This subject, 
however, is rather broad in terms of engineering disciplines involved. It is therefore impossible to 
provide deep details about each and every task included in what follows. Instead, each subject is 
touched upon and the most important aspects are chosen and presented. All methods used in the 
studies are briefly discussed in this extended summary. Wherever relevant however, references to 
appropriate literature or appended material are provided for more details.  

Another important note about the scope relates to the site-specific nature of the topic at hand. It is 
prudent to keep in mind the fact that methods and/or results presented here may not conform to all 
open pit operations, but only to the case study operation. The thesis does not aim to provide a 
generic answer to the question of efficiency; it rather presents a logical process applied in one case 
and presents the results to suggest directions for future research. Therefore the logic, methods and 
procedures applied in the studies are of more importance than the actual results from the case study 
mine. 

 

1.4. Thesis Structure 
The aforementioned research questions at the core of this thesis are addressed in four papers, listed in 
Table 1. 

Table 1: Appended papers. 

Pa
pe

r 

A 

“Stress Wave Interaction Between Two Adjacent Blast Holes” 

Yi, C., Johansson, D., Nyberg, U. and Beyglou, A. 2016. Rock Mechanics and Rock Engineering, 
vol. 49, no. 5, pp. 1803–1812. 

B 

“Fragmentation by Blasting Through Precise Initiation: Full Scale Trials at the Aitik Copper 
Mine” 

Petropoulos, N., Beyglou, A., Johansson, D., Nyberg, U. and Novikov, E. 2014. Blasting and 
Fragmentation, vol. 8, no. 2, pp. 87–100. 

C 

“Adjusting Initiation Direction to Domains of Rockmass Discontinuities in Aitik Open Pit 
Mine”  

Beyglou, A., Schunnesson, H., Johansson, D. and Johansson, N. In Proceedings of the 
11th International Symposium on Rock Fragmentation by Blasting: Fragblast11, Sydney, AusIMM, 
pp. 385–391. 

D 

“Target Fragmentation for Efficient Loading and Crushing – the Aitik Case” 

Beyglou, A., Schunnesson, H. and Johansson, D. 2016. Submitted to the Journal of Southern 
African Institute of Mining and Metallurgy (SAIMM) 

 

Each of the papers takes one of the research questions as its main focus, but touches upon other 
relevant research questions if applicable. Table 2 shows the research questions addressed in each 
paper. 
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Table 2: Relevance of appended papers to research questions. 

 Paper 

 A B C D 

RQ1. Rockmass Effect   X  

RQ2. Stress Waves X X   

RQ3. Target Fragmentation    X 

RQ4. Fragmentation Measurement  X X X 

 

The following chapters give the background, methods, and findings of these papers and outline the 
respective implications of the findings on efficiency. 

Chapter two explains the background to each of the research questions. Chapter three presents a 
brief introduction to the case study mine. Chapter four describes the approach and methodology, 
while chapter five gives a summary of the procedures in the papers. Chapter six presents and 
interprets the results of the studies. Chapter seven is dedicated to discussion and drawing conclusions; 
this is followed by a few words on future research in chapter eight. Finally, chapter nine gives a few 
words to put the thesis into perspective. 
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2. BACKGROUND 

Blast-induced fragmentation is at the heart of any open pit operation because of its strong influence 
on the efficiency of downstream processes. Therefore, any effort to optimize such operations should 
revolve around fragmentation. Complicating the issue, fragmentation itself is a result of complex 
interactions between several parameters. Rockmass characteristics, explosive properties, blasting 
geometry and timing sequence are fundamental factors influencing fragmentation. Each of these 
factors consists of various parameters, all of which affect the fragmentation in one way or another. 

From a practical engineering point of view, it is important to identify and rank the most influential 
parameters in order to utilize them for fragmentation optimization. For them to be practically 
implemented in a mine it is important that these parameters have a significant effect, are easily 
applicable and have little complexity for daily production in a typical mine. 

 

2.1. Rockmass Characteristics in Blasting 
Among the factors mentioned above, rockmass is the only uncontrollable entity. Explosive 
properties, blasting geometry and timing of the blasts should be adapted to the hosting rock, and this, 
in turn, defines the fragmentation as a response to the blast setup. Consequently, a first step towards 
operational optimization is to gain practical understanding of the rockmass and its response to 
different blasting setups. 

Several studies have shown that the structural nature of the rockmass is of utmost importance for 
fragmentation. Lilly (1986; 1992) introduced a blastability index in which weighted rating values 
were used to describe the resistance of a rockmass to blasting. Structural nature of the rock is the 
most important factor in these studies as the index is heavily weighted towards the orientation and 
spacing of weakness planes (joints) in the rockmass. Lilly’s blastability index has been incorporated as 
the rock factor in blast fragmentation models, such as the KCO model (Ouchterlony 2005). This 
model stems from but is an improvement over the Kuz-Ram model (Cunningham 1987). 

Through pilot blasts in quarries, Dolgov (1976) investigated the influence of jointing on rockmass 
breakage; he found that in the blasting of jointed ledge rocks the degree of breakage is mainly 
determined by the jointing of the rockmass, and not by the strength of the rocks. Several attempts 
have been made to link the in-situ block size distribution (IBSD) to the blasted block size 
distribution (BBSD) by means of Bond’s comminution theory and blasting energy (Da Gama 1983; 
Latham et al. 1999; Latham and Lu 1999; Widzyk-Capehart and Lilly 2002). All these studies 
emphasize the significant influence of structural features of the rockmass on fragmentation by 
blasting. However, implementing the results from such studies into routine production tasks in open 
pits is challenging on a practical level, largely because of the scale and variations in geological 
structures throughout a large open pit. In addition, the dynamic nature of open pit environments and 
continuous mine expansions introduce practical difficulties into defining a generic model for in-situ 
fracture systems in operational open pits. 

On the one hand, previous research has demonstrated the significant influence of rockmass structures 
on fragmentation and consequently, on efficiency and productivity. On the other hand, the 
complications and variations associated with structural geology and their effect on blasting 
complicates implementation. In order to take advantage of natural fractures in the rockmass to 
improve fragmentation, it is important to provide a simplified understanding of the rockmass and 
implement it in different operational tasks. One of the simplest ways to integrate rockmass structure 
into drill and blast operations is by making improvements to the geometric design of the drill and 
blast, including blast shape, spacing and orientation of drill patterns, and initiation direction. This can 
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lead to fragmentation improvements that, although marginal in number, can result in noticeable 
increases in long-term efficiency and productivity. 

Paper C presents a procedure to measure and implement the structural geology in open pit blasting. 
It also gives the results from trial blasts and shows how the geological fracture systems in Aitik mine 
have been used in blast design to improve fragmentation and loading efficiency. 

 

2.2. Stress Waves in Blasting 
The effect of initiation sequence and delay times on blast-induced fragmentation has been a topic of 
discussion for many years; at this point, however, there is no comprehensive conclusion. Until the 
1990s, the unavailability of precise detonation caps with short-delays did not permit researchers to 
consider theories of dynamic fracture mechanics and wave propagation in practice. Yet new horizons 
opened up for the practical use of said theories when reliable electronic detonators became available 
in the late 1990s. These detonators are now capable of delay times as short as 1 millisecond with 
higher precision compared to conventional pyrotechnic detonators. These detonators have permitted 
the theories of overlapping, interaction and superposition of waves to be tested in practice. Precise 
initiation with short delay times has been practiced in many countries (Australia, Chile, United 
States, New Zealand, etc.). Some say it has resulted in noticeably better fragmentation, hence 
considerable savings (Rossmanith 2003). However, apparent proof as to whether short delays are 
beneficial in rock blasting is not forthcoming. 

Upon detonation, explosives release enormous amounts of energy through chemical reactions. The 
rapidity of such reactions causes an almost instantaneous pressure rise in the hole, producing a 
shockwave in the rock (Hustrulid 1999). Primary or pressure waves (P-waves) and secondary or 
shear waves (S-waves) play the leading role in blasting. These waves propagate in the rock at very 
high velocities (3000-5000 m/s) and cause strains and stresses which create cracks or open existing 
cracks in the rock, resulting in breakage (Esen et al. 2003). 

According to theoretical descriptions by Kouzniak and Rossmanith (1998), as well as field validations 
by Vanbrabant et al. (2002), the positive pressure of a shockwave falls rapidly to negative values, 
implying a sudden change from compression to tension. A stress wave of pulse type with finite 
length and duration consists of a positive leading part followed by a negative tailing part (Figure 3). 
However, the so-called negative/tensile tail of the P-wave stress radiating from blast holes has 
negligible amplitude compared to the positive/compression part (Blair 2003). 

 

Figure 3: Representation of stress wave/pulse in a) space domain and b) time domain; after Rossmanith (2002). 
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The focus of traditional blasting techniques is mostly on the compression pulse of the shockwave, i.e. 
the leading part. The compressive pulse propagates through the rock, and when it reaches a free face, 
it reflects as a tensile pulse. The tensile strength of rock is much lower than its compressive strength, 
so the tensile reflection of the compressive pulse breaks the rock in tension. The availability of a free 
face in the surrounding of the blast hole is critical to allow the compressive pulses to reflect and 
return as tensile pulses. The free faces are generally generated by the sequenced initiation of blast 
holes in such a way that the delay time provides enough time for the previous blast holes to break 
the rock and move it forward (Vanbrabant and Espinosa 2006). 

By using electronic detonators with short delays, it is now possible to make the waves interact or 
overlap to increase the effect of the stress waves before they reach a free face. Theoretically, the 
tensional states achieved in this way can be larger than those obtained by the reflection of 
compression pulses (Vanbrabant and Espinosa 2006). 

For a clearer presentation of this concept, Rossmanith (2002) suggested the use of Lagrange 
diagrams, i.e. time versus position. For the sake of simplicity, the stress waves are assumed planar and 
the three dimensional effects of blast holes and charges are ignored. Figure 4 illustrates the Lagrange 
diagram of fronts (F) and ends (E) of P-waves and S-waves produced by instantaneous initiation of 
two neighbouring blast holes. The tangents of the associated lines are the inverse of the velocities of 
the waves. Since the propagation velocity of P-waves is larger than that of S-waves, its associated line 
has a smaller slope. 

 

Figure 4: Lagrange diagram of the interactions pattern of the waves from two simultaneously initiated blast 
holes. Compressive parts and tensile tails of both P- and S-waves lead to zones of different types of interaction; 

after Rossmanith (2002). 

As seen in Figure 4, different types of interactions take place for the fronts and ends of the S- and 
P-waves. By introducing a delay time to blast hole #2 in the diagram, the initiation point of the 
delayed blast hole will be shifted upwards on the time axis, reshaping the interaction patterns 
(Rossmanith 2002). A favourable delay time can be calculated for different cases depending on the 
characteristics of the rockmass from the wave propagation point of view, i.e. wave propagation 
velocity and geological conditions. 

This thesis examines the hypothesis of stress wave interaction and its implications on fragmentation 
and efficiency in the context of open pit blasting. Papers A and B present the methods and results of 
theoretical and numerical analysis, together with full-scale field trials.  
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2.3. Downstream Effects 
From a mine-to-mill point of view, blasting is a key point in the comminution chain. The 
procedures before blasting determine the level of fragmentation and uniformity of particle size 
distribution. This, in turn, dictates the efficiency of subsequent tasks in the operation, including 
loading and crushing. 

The effects of fragmentation are first seen in loading; no matter what type of machinery is used, 
fragmentation plays a leading role in loading efficiency. A well-swollen muckpile with a 
fragmentation tailored to the type and size of the machinery will yield much smoother and more 
efficient loading compared to an inconsistent and disproportionately fragmented muckpile 
(Williamson et al. 1983; Hawkes et al. 1995; Onderra et al. 2004; Singh and Narendrula 2006). 

The efficiency and productivity of loading equipment have been studied extensively, especially for 
electric rope shovels. However, because several qualitative and quantitative descriptors are also 
associated with loading, it is difficult to determine the individual influence of any one of these on 
efficiency. For example, loading is influenced by fragmentation, make and design of loading 
equipment, operator proficiency, loading trajectory, swell, and muckpile shape and looseness 
(Bellairs 1987; Hendricks 1990; Singh and Narendrula 2006).  

Early studies on electric shovels attempted to correlate the digging performance of shovels to 
muckpile fragmentation by using time studies combined with logs of voltage and current in hoist and 
crowd motors of rope shovels (Williamson et al. 1983; Hendricks 1990; Patnayak et al. 2008). Dipper 
fill factor, dipper payload, dig rate and frequency of dig cycles have also been used as performance 
indicators for rope shovels (Onderra et al. 2004; Halatchev and Knights 2007). 

According to Hendricks (1990) and Onderra et al. (2004), dig cycle times are not specifically related 
to digging effort or fragmentation, but digging trajectory, which depends on operator skills, has a 
great influence on shovel performance. Using geostatistics and data from monitoring systems, 
Halatchev and Knights (2007) showed basic Key Performance Indicators (KPIs) such as shovel 
payload can be used to evaluate digging performance and muckpile properties. Based on 20 
production blasts in two open pits, Sanchidrián et al. (2011) developed a model for loader 
productivity which took into consideration the rock strength and density, as well as explosive energy 
and dipper capacity. Hansen (2001) reported measurements of dipper payload for improving shovel 
performance as well. Patnayak et al. (2008) confirmed a large variability in performance indicators 
and underlined that these studies should be conducted over a larger number of load cycles to yield 
meaningful results. All these studies emphasize the complexities involved in assessing loading 
performance. Operator dependence and variability in muckpile conditions have not yet allowed 
researchers to find a solid correlation of muckpile properties with loading efficiency, but it is possible 
to evaluate loading performance by statistically assessing basic KPIs over a large number of load 
cycles. 

The next step in the production chain is primary crushing. This is the second mechanical breakage 
step after blasting; it prepares the run-of-mine ore for further processing in the mill. Crushing 
typically consumes much less energy than grinding, but it still accounts for a large portion of energy 
costs in a typical mine operation, and its product has an enormous influence on downstream 
processes (Murr et al. 2015). 

Gyratory crushers play an important role in large scale mines as primary crushing units. As crushing is 
the link between the mine and the mill, it has two-fold potential for process improvement. Crushing 
efficiency is determined not only by the design and operational factors of the crusher itself, but also 
by the characteristics of the run-of-mine feed. Therefore, any effort to improve the energy efficiency 
of crushers must consider both factors, not to mention the requirements for the crusher’s product 
(Evertsson 2000; Herbst et al. 2003). 
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The power drawn by gyratory crushers depends on many factors, including size distribution, 
hardness and shape of the feed, as well as liner profile, feeding rate, Close Side Setting (CSS), 
eccentric speed and stroke of the mantle (Pothina et al. 2007; Evertsson 2000). This complex and 
dynamic system has been simulated in several models (McKee and Napier-Munn 1990; Evertsson 
2000; Pothina et al. 2007). Studies show that fragmentation and ore hardness are the most prominent 
feed characteristics affecting crushing energy consumption (Eloranta, 1995). After much research, 
scientists at Julius Kruttschnitt Mineral Research Centre (JKMRC) developed a simulation package 
to optimize mineral processing circuits (McKee and Napier-Munn 1990). Included in this package is 
a model for predicting crusher power draw and product size distribution. However, these models 
have been developed as tools for the optimization of the entire mineral processing circuits and do 
not comply with stand-alone crushers (Pothina et al. 2007). Moreover, they are based on 
comminution theories, such as Bond’s work index (Bond and Whitney 1959), and they depend on a 
large database of site-specific and machine-specific data gathered over years of research. The 
complexity and extensive data requirements of these models make them difficult to use in typical 
industrial conditions.  

Pothina et al. (2007) developed an analytical model for energy consumption of gyratory crushers by 
using CSS and feed size variations. The feed fragmentation in this model is based on the Kuz-Ram 
model (Cunningham 1983) and is assumed to be a function of burden and spacing, regardless of all 
other factors affecting blast fragmentation. In reality, however, it is well known that blast induced 
fragmentation in mines varies because of several controllable and uncontrollable factors. Variations in 
lithology, structural geology, explosive performance and precision of drilling and blasting are some of 
the factors leading to inconsistencies in run-of-mine fragmentation. Therefore, such assumptions 
about the relationship between burden/spacing and crushing energy are of little practicality in 
day-to-day production blasts. 

For a specific site, an empirical approach yields more hands-on conclusions. It provides a simple but 
statistically reliable understanding of the influence of the feed size of a certain ore on the energy 
consumption of a certain crusher. In practice, the mine has the ability to produce different ore 
fragmentations by manipulating the blasting setup. It is possible for the mine to tailor the feed 
material in such way that loading and crushing are performed at peak efficiency. Despite the 
aforementioned uncertainties in blast fragmentation, having a target fragmentation in mind for a 
specific ore helps the mine modify the blast setup to yield a fragmentation as close as possible to the 
target. This has a great influence on operational efficiency in the long term. 

Paper D presents the methods and results of evaluating target fragmentation in Aitik mine. Two 
different assessments of fragmentation were correlated to their corresponding efficiency during 
loading and crushing for about 50 ktonnes of ore. The results were used empirically to define a target 
fragmentation for the studied case. 

 

2.4. Fragmentation Measurement 
Assessing blast-induced fragmentation has been one of the most challenging tasks for both researchers 
and the mining industry. Until now, the only reliable method to quantify the size distribution of a 
muckpile has been physical sieving, yet it only yields reliable results if the process is carried out 
carefully using adequately large samples and in a controlled environment. Because of its time 
consuming and costly nature, this method is generally disregarded by industry and the research 
community; few studies present full-scale sieving results, and they all agree on its practical difficulties 
(Ouchterlony et al.  2010; Wimmer et al. 2015).  

Since the 1980s, photographic techniques have been used as non-contact measurement tools to 
estimate the size distribution of muckpiles. Image-based fragmentation assessment started with the 
visual comparison of muckpiles to scaled photographs; it later advanced to 2D image analysis 
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techniques and more recently broadened to include more complicated 3D analysis using laser 
scanning or photogrammetric methods (Thurley et al. 2015). One of the simplest methods of using 
photographs to assess fragmentation is to compare the target muckpile to reference images of 
standardized muckpiles. An early example of this method is the “Compaphoto” technique, 
introduced by Aswegen and Cunningham (1983). The technique is based on visual comparison of 
the target muckpile to scaled photographs of standardized muckpiles and uses the Rosin-Rammler 
function to estimate the particle size distribution. In a recent study, Wimmer et al. (2015) used a 
similar but customized approach in the so-called Quick Rating System (QRS). This method was 
developed to classify the fragmentation of LHD bucket loads into four classes of median fragment 
size (P50) and three subclasses of uniformity index (n) varying from 0.6 to 2.2. These researchers also 
compared the results from a rating system, 2D and 3D image analysis and physical sieving of LHD 
bucket loads. They reported that the Quick Rating System showed consistent results between users, 
except for fine-medium material of an inhomogeneous character. The method was also found 
reliable (if used carefully) and relatively accurate compared to 2D image analysis. 

 2D image analysis techniques have been studied extensively, with various disadvantages pointed out 
by several researchers (Hunter et al. 1990; Chavez et al. 1996; Maerz and Zhou 1998; 
Lathham et al. 2003; Thurley and Ng 2005; Sanchidrián et al. 2009; Spathis 2009). Because of the 
method’s shortcomings, the repeatability of 2D image-based measurements is generally poor. 
Segregation of differently sized particles in a muckpile, the lay and aspect ratio of fragments, 
overlapping fragments, insufficient and biased sampling, imaging inconsistency (lighting, scaling and 
perspective), inaccurate automatic delineation and time consuming and user dependent manual 
delineation are some of the draw-backs of this technique. If done carefully, however, 2D image 
analysis can provide insights into the trends of variations in fragmentation; these trends may not 
describe the entire size distribution accurately, but they are still more practical than physical sieving 
and have been proven useful over years of experience in the industry. 

The errors and shortcomings of both classification and image analysis techniques are well known. 
However, with consistent measurement procedures and statistically reliable sampling, researchers can 
identify the trends of variation with either method; as Maerz and Zhou (1998) states: 

‘Processes such as blasting [and crushing] can be characterized by looking at the 
relative differences between two measurements, and consequently the absolute error 
is not important.’ 

On the one hand, the advantage of the classification method lies in its fast and straightforward 
procedure which allows a large number of samples. However, it only shows subjective trends in the 
mean run-of-mine fragmentation with little information on the details of size distribution. The 2D 
image analysis, on the other hand, is limited to a much smaller number of samples because of the 
time consuming delineation procedure. Yet it yields a detailed quantitative assessment of particle size 
distribution. Given their respective strengths and weaknesses, this study used both 2D image analysis 
and ordinal classification of fragmentation and compared the results, as presented in Papers B and D. 
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3. AITIK – THE CASE STUDY MINE 

At 3 km long, 1.1 km wide and 450 m deep, Aitik is one of the largest open pit copper mines in the 
world (Figure 5). It is situated about 20 km east of the city of Gällivare, a town 60 km above the 
Arctic Circle in northern Sweden. Copper is the main product in Aitik with silver and gold as 
by-products.  

The low-grade copper mineralization in Aitik consists of disseminated veinlets of chalcopyrite with 
marginal contents of silver and gold. The deposit was discovered in the 1930s but was not mined 
until 1968; the mine has been owned and operated by Boliden Mineral AB ever since. 

   

Figure 5: Aerial view of Aitik mine. 

The Aitik deposit consists of metamorphosed plutonic, volcanic and sedimentary rocks. The orebody 
strikes approximately east-west and dips about 45º to the south1; it is approximated as about 3 km in 
length and 500 m in width, and is still open at depth. The orebody is surrounded by shear zones, 
dividing it into a northern and a southern part. Based on the tectonic boundaries and copper grades, 
the mining area is divided into three main zones, foot-wall, hanging-wall and ore zone. 

Figure 6 shows the local geology in Aitik. The foot-wall, on the north, mainly consists of biotite 
gneiss and diorite with no distinct contact with the ore zone. The hanging-wall, on the south, 
consists of hornblende banded gneiss with a distinct contact with the ore zone. The ore zone itself 
consists of biotitic gneiss, biotite schist and muscovite schist towards the hanging-wall. Pegmatite 
dykes also occur within the ore zone. 

                                            
1 In the interest of consistency, all coordinates and geographical notations are given in reference to the mine’s north, 
which lies at approximately 78°E from geographical north. 
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Figure 6: Local geology at level -200 m with the surface outline of the Aitik open pit. 

Despite its low-grade ore (0.22% copper on average), Aitik is considered one of the most efficient 
open pit mines in operation. In 2015, more than 75 Mtonnes of rock was mined in Aitik; the annual 
production of ore reached more than 36 Mtonnes, yielding about 67 ktonnes of copper, 61 tonnes of 
silver and 2 tonnes of gold. 

The high efficiency in Aitik stems from its advanced technological infrastructure and monitoring 
systems; these permit the mine to audit and improve the operation continuously. In fact, the 
well-coordinated fleet management system and comprehensive data collection during all stages of 
operation provided a solid platform for this study. 

 

3.1. The Operation – From Block Model to the Smelter 
All activities in a mine like Aitik are subject to a series of long-term planning activities. Continuous 
exploration, mapping of lithology and drill-cutting analysis for ore content are the basis of a 
long-term production plan, which is regularly updated to conform to new information on the 
orebody. The shape and content of the orebody are analysed from an economic point of view, 
considering the rock mechanical properties of the area. Such analyses define the most stable pit slope 
while keeping the production profitable in the long term. The resulting optimized pit shell is then 
divided into smaller portions/pushbacks, and mid-term plans are set for production. These plans are 
the basis for short-term production plans and actual mining activities, which are the focus of this 
thesis. 

The simplified procedure of metal extraction in Aitik is presented in Figure 7. The process starts by 
drilling blast holes, followed by charging the holes with explosive and blasting them. The fragmented 
rock is loaded into haul-trucks and, based on the ore content, transported to either waste dumps or 
crushers. From the crushers, a belt conveyor transports the crushed ore to two stockpiles from which 
the processing plant is fed. In the processing plant, the ore goes through two stages of grinding, 
followed by flotation, thickening and drying processes. The resulting concentrate is shipped to the 
Boliden-owned Rönnskär smelter outside the city of Skellefteå for further handling. 
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Figure 7: The metal extraction operation in Aitik, image courtesy of Boliden Mineral AB. 

 

3.2. Fields of Interest 
The scheme in Figure 7 shows the overall operation in Aitik. However, all activities related to long 
and mid-term planning, as well as activities after crushing, i.e. processing of the crushed ore, are 
outside the scope of this study, as the focus is only on the mining activities. 

A large portion of the potential for optimization in Aitik, and open pits in general, lies in the mining 
activities at the beginning of the operation chain, i.e. drilling, blasting, loading, and crushing. High 
operating costs of these activities, together with the fuzzy knowledge about their efficiency, are the 
motivations for this thesis. 
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4. METHODOLOGY 

As has been mentioned, a wide range of parameters and engineering disciplines are involved in the 
mining process. Several are purely based on subjective experimental knowledge and are only 
representative for a specific blast setup in the geologically unique environment of a specific site. 
Although this subjective knowledge has been the only guide for blasters, one cannot overlook the 
site-dependence of such generalizations. This leaves the researcher with only one tool to examine 
different hypotheses on blasting: field experimentation.  

Field trials, as the most useful method of testing a hypothesis in a mine, are associated with many 
discrepancies and unpredicted disturbances. Uncertain properties of the rockmass and the dynamic 
nature of an open pit add to the difficulties of conducting field trials. It is unrealistically optimistic to 
assume an open pit mine in full-capacity production as a controlled testing environment. Therefore, 
it is vital to be aware of and mitigate the uncertainties as much as possible, while obtaining useful 
information in a scientifically meaningful manner. 

It is worth mentioning that the tools and data available for each field trial vary depending on the 
production conditions in a mine such as Aitik. Different sources of information are cited in the 
appended papers, even though not all have led to meaningful results. For example, Measure While 
Drilling (MWD) data were examined to ascertain whether they could provide any useful geological 
information while drilling. The accuracy of drill depth and explosive mass was also monitored and is 
compensated for in the results. On account of clarity, all unavoidable deviations from the planned 
hole depth and explosive mass have been accounted for and presented as variations in specific charge 
of blasts. 

Lidar scanning was used to evaluate the heave and volumetric swell of benches caused by blasting. 
Whenever possible, trial blasts were filmed by a high speed camera. The high speed videos were 
reviewed to check the function of blasts, i.e. proper initiation of detonators and primers, function of 
stemming (ejections), and a general overview of the wave propagation and heave of the blasts. Data 
from dispatch and fleet management systems were utilized extensively to evaluate blast results. The 
fleet data played an important role as the only available tool for ore tracking and follow up of the 
blasted ore along the production chain, i.e. to follow a truckload from the bench to the loader and 
the truck, and then to the crusher. This, in turn, made it possible for efficiency indicators to be 
extracted in each task, e.g. dipper tonnage and crushing energy. These data were accompanied by 
the recorded video feed of several CCTV cameras to identify precise times of actions. All these tools 
were carefully examined and proper filters and corrections were applied before any analysis; the 
examination criteria for each case depended on the machinery in use and availability of high quality 
data. Hence, the results given here passed through various filters to be as close to reality as possible. 
Only the data from similar sources with comparable performance indicators were compared and 
much effort was put into truthfulness of statistical evidence and interpretations rather than the finesse 
of individual measurements. After all, full-scale field trials are not meant to be treated as controlled 
laboratory tests and require a holistic approach rather than an explicit one. 

Although field experimentation is the primary method in this thesis, various procedures were used to 
assess different aspects of the said experiments. A brief summary of the procedures and their 
respective strengths and weaknesses is presented in Chapter 5. As the procedures cover a wide field 
of subjects, they are presented in accordance to the research questions and their implications on 
efficiency. 
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5. PROCEDURES 

5.1. Rockmass Discontinuities 
As discussed in  2.1, the structural nature of the rockmass plays an important role in the quality of a 
blast. In the case of Aitik, previous studies regarding geologic discontinuities (Call et al. 1976; 
West et al. 1985) were conducted using conventional mapping techniques, i.e. cell mapping, line 
mapping and oriented cores. These methods, although insightful, are rather time consuming and 
limited in terms of accuracy and sampling span. Current off-the-shelf tools and techniques for 
mapping exposed faces of the rock have superior potential in terms of ease and practical 
convenience. Joint mapping using Lidar scans and photogrammetry are two of the most recent 
techniques, of which photogrammetry was chosen for this study, due to comparatively shorter 
process times and its straight-forward mapping procedure. 

Photogrammetry or stereoscopic imaging is an established technique for mapping features of exposed 
faces in a fast and safe manner. The technique comprises image acquisition from two positions with 
scales and reference points on the face. The overlapping 2D image pairs are later processed and a 3D 
surface is reconstructed. This is used to easily mark and extract the spatial position, dip, dip direction, 
length and exposed area of discontinuities. In this work, BlastMetriX3D™ package (by 3GSM Ltd.) 
was used for face mapping. A series of standard procedures were defined and followed in order to 
ensure systematically accurate measurements. The exposed faces were chosen based on visibility, 
access to the face, safety and quality of features on the face. A total of 110 useable image pairs were 
acquired and processed to define domains of similar discontinuities in the pit. The reconstructed 
faces were spread in different elevations along the hanging wall and into the margins of the foot wall, 
as these areas are included in production blasts. Figure 8 presents a scheme of the spread of mapped 
faces in the pit. 

 

Figure 8: Outline of the pit and spread of 110 mapped faces indicated by thick lines. 

Each face was marked in length and was limited to one bench height, i.e. 15 m. All faces were 
photographed with two scales of 2.35 m in length with an approximate distance of 35 m from one 
another. Consequently, each image pair reconstructed an area approximately 40 m × 15 m on the 
face. Several reference points were marked on each face with centimetre precision and recorded. 

The image pairs were first used to reconstruct 3D images; these were then scaled using the marked 
scales on the face and were positioned at the exact coordinates using the reference points. 
Coordinates from all scaling markers and reference points were used in the process to ensure a 
well-positioned, well-oriented surface. Since the most important characteristic of these types of 3D 
images is the accuracy of their spatial orientation with respect to the actual face, each 3D image was 
compared against Lidar scans of the pit to avoid inaccuracies in the coordinates and orientation of 
faces. 

The 3D images were then analysed manually, and discontinuities were marked on the face in the 
software. Analysis of all images was conducted by only one user, following standard guidelines. The 
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guidelines were clearly defined to ensure that only large natural fractures were included in the 
analysis and all blast-induced cracks were omitted. A sample of the analysed 3D image and its 
corresponding result is given in Figure 9. As seen, each 3D image yields a spherical projection of all 
features on the face, which can be clustered into structure families (joint sets). 

 

Figure 9: a) A sample of mapped faces using photogrammetry; b) Sample results from the mapped face. 

Detailed results of each face include coordinates (XYZ), dip, dip direction, length and the exposed 
area of all discontinuities marked on the face with their corresponding clusters. Due to large number 
of 3D images, the implemented clustering module of the software could not be used to identify 
families of discontinuities in the entire pit. Instead, an iterative approach was used to identify 
domains of similar structures by taking into consideration the dip, dip direction and coordinates of 
the discontinuities. 

Computer codes were developed to iteratively extract clusters of each face, one by one, and compare 
them to all clusters from faces in close proximity. The two clusters were merged if their average dip 
and dip direction were within a ±15° tolerance. Subsequently, all clusters in all faces were merged 
into large joint sets with their corresponding area of validity in the XY plane. In other words, each 
joint set was assigned an area in the pit where the set had been observed. Based on the spread of 
discontinuities, the pit was divided into structural domains with more or less consistent structural 
characters. 

The hypothesis on the influence of the initiation direction on the blast results was tested in six 
full-scale trial blasts in one of the domains. The results were compared among different initiation 
directions and correlated to the discontinuities in the trial domain. 

 

5.2. Interaction of Stress Waves 
The influence of short delays on blast results was investigated in two stages. First, theoretical 
solutions of stress field around a single-hole shot were determined for two adjacent holes, and at the 
extended line of two adjacent holes. These solutions were accompanied by numerical modelling of 
the blast setup to investigate if any significant increase in stresses could be traced to stress wave 
interaction caused by short delays. Second, the theory of stress wave interaction was tested in 
full-scale field trials with short delays to investigate the effects and their implications on blast results. 
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5.2.1. Theoretical and numerical methods 

Paper A explains the background study of short delays and their effect on stress wave propagation 
scheme. Since the details on the calculations and theoretical solutions do not fit the topic, a summary 
of the methods is given here, as are the model geometry and parameters. The results, presented 
in  6.2.1, were the basis for the field trials described in following section. 

The theoretical analysis was conducted with the assumption of a homogeneous, elastic, and isotropic 
rock medium. In addition, the charge length and VoD (velocity of detonation) of the explosive were 
assumed to be infinite. The first step was to study the stress field of a single blast hole and calculate 
the dynamic response of the rockmass to the load of borehole pressure. The second was to examine 
the stress fields between two adjacent blast holes and at the extended line of two adjacent blast holes 
in relation to the theories of stress wave superposition. 

The parameters of the blast geometry in Aitik were used to investigate the stress wave interaction 
between two adjacent blast holes using the following calculations. Two blast holes with diameter (d) 
of 311 mm were assumed to be positioned at a distance of L=9.3 m from one another, roughly equal 
to the spacing in Aitik production blasts (Figure 10). The elastic modulus of rockmass was 
E=50 GPa, Poisson’s ratio  = 0.23 and the density of rockmass was assumed to be ρ=2700 kg/m3. 
The blast load was applied to the blast holes’ walls. The delay time between the two adjacent blast 
holes was t . If PCdLt )( , stress waves from both blast holes will collide between the blast 
holes.  

According to the relationship between the P-wave velocity, elastic modulus, density and Poisson’s 
ratio, the P-wave velocity was approximated as PC =4633 m/s in the rockmass; hence 

PCdL )(  =1.95 ms. If the delay time of the second blast hole was longer than 1.95 ms, the stress 
wave from the first blast hole would have passed through the second blast hole before the second 
blast hole initiated. So two cases of t  = 0 ms and t  = 1 ms were studied. The stresses at the 
collision point induced by both blast loads could be derived separately; then the stresses at the 
collision point were calculated by superimposing both stresses. 

 

Figure 10: Sketch of two blast holes with t  delay. 

Similar procedures were followed to calculate the stress waves at the extended line of two blast holes. 
If the delay time is long, the wave front of the stress wave from the first blast hole will propagate 
through the second blast hole before the explosive in the second hole is initiated. Assuming that the 
influence of the second blast hole on the propagation of the stress wave from the first blast hole can 
be neglected, after the initiation of the second hole, two stress waves may interact at the extended 
line of two adjacent holes if an appropriate delay time is used. A sketch of three blast holes is shown 
in Figure 11; here the hole spacing is the same as that in Figure 10. 
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Figure 11: Sketch of three blast holes with t delay for calculation of stresses along the extended line of two blast holes. 

Following these calculations, the stress histories induced by a single-hole shot and two adjacent holes 
were calculated and compared to investigate the effect of stress wave superposition between the holes 
and along the extended line of the holes. 

To verify the analytical results, numerical modelling was carried out using LS-DYNA code. The 
geometry of the model was similar to that of the analytical analysis. The resolution of the element 
size was approximately 7 mm. All the boundaries were set as non-reflecting to remove the spurious 
stress waves reflected from the boundaries of the domain. The model was simplified as a plain strain 
model according to the assumptions of infinite VoD and infinite charge length. The rockmass was 
assumed as an elastic and homogeneous medium with the same parameters as mentioned above. The 
results were then compared to the theoretical results for different delay times and the increase in 
stresses was discussed as to whether it can improve blast results or not. The findings were tested in 
field trials as follows. 

5.2.2. Field trials 

To investigate the influence of short delays, six full-scale trial blasts were conducted and monitored. 
Four blasts were initiated using electronic detonators with short delay times and two were initiated 
using the Nonel™ pyrotechnic system and conventional longer delays. The short delay times were 
chosen based on the geometry, velocity of P-wave in the rock and VoD of the explosive. 

Results of several small-scale tests on mortar blocks (Johansson and Ouchterlony 2013), as well as a 
series of tests to evaluate P-wave velocity in Aitik (Petropoulos et al. 2013), were also used to 
evaluate the shockwave interaction scheme and its influence on fragmentation. Ultimately, delay 
times of 1, 3 and 6 milliseconds were chosen as hypothetically effective delay times for the Aitik blast 
setup. 

The blasts were monitored continuously and evaluated using several pre- and post-blast parameters. 
Heave, Measure While Drilling (MWD) data, crusher energy efficiency, and 2D image analysis of 
fragmentation were compared for the six trials to determine the effect of delay times on blast results 
and fragmentation. 

 

5.3. Fragmentation 
As physical sieving of the blasted material was not practically possible in the large scale of Aitik, two 
photographic techniques were utilized to assess fragmentation in the field trials. 

5.3.1. 2D image analysis 

The assessment of fragmentation using image analysis requires a series of systematically-captured 
photographs of muckpiles. It is crucial that at least one (ideally two or more) scale object with 
known dimensions is included in the photographs. The technique is quite sensitive to errors rooted 
in perspective, lighting, and sampling. It is therefore important to minimize these errors while 
keeping an eye on the quality and accuracy of image delineation. 
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The image analyses in the appended papers used Split-Desktop™ software. The procedure starts by 
acquiring images of blasted material, including scale objects. The dimensions of scale objects are then 
defined in the software to be used as a means of size evaluation, as well as perspective correction. 
The particles are then delineated either manually or by an automated algorithm in the software. At 
this point, the size distribution and other details of the fragmentation in each image are easily 
extracted. 

The image analysis is described in two of the appended papers, namely B and D. Paper B explains 
how haul trucks were photographed after being loaded. The dimensions of the truck-bed were used 
as scales for the analysis. A sample truck-bed and its respective delineation appear in Figure 12. 

 

 

Figure 12: An example of truck-bed image (top) and manual delineation of the same image (bottom). Dimensions of the 
truck-bed, marked in thin lines along the edges, were used as scaling measures. 

Paper D describes how the material was photographed after the trucks dumped into the crusher inlet; 
the diameter of the circular protector of the crusher mantle was used as the scale object (Figure 13). 
Only images from the same type and source were compared in the appended studies, i.e. trucks were 
compared to similar trucks, and crusher images to similar images. In addition, all images were 
delineated manually by a single user to minimize the user dependency of the results. Due to 
uncertainties in the theoretical estimation of fines, no fines factor was used in the analysis, and only 
visible particles were included in size distribution curves (Spathis 2009). 
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Finally, the median size (P50) and 80% passing size (P80) of the images were extracted and used as 
indicators of fragmentation distribution. However, it should be mentioned again that despite all 
efforts to minimize errors, image analysis technique is not in any way comparable to full-scale 
sieving. The P50 and P80 values are not expected to represent the true size distribution of the feed. 
Thus, the results can only be considered quantitative figures suited to compare the size distributions. 

5.3.2. Qualitative assessment 

Paper D explains how the qualitative classification of fragmentation was used in combination with 
2D image analysis. The classification was based on visual comparison of the target muckpile to 
standardized photographs and subjectively classified into five ordinal categories, with class 1 the finest 
and class 5 the coarsest fragmentation. 

The five-class rating of the cycles was based on a visual comparison of all images of the cycle with a 
series of pre-defined sample images for each class. Since the camera was stationary and perpendicular 
to the crusher inlet, all images included identical viewpoints, thus minimising errors introduced by 
perspective. Figure 13 shows samples of each class. 

 

Figure 13: Crusher inlet images and guide samples for ordinal classification of fragmentation at the crusher. 

The choice of guide samples for classes was based on image analysis of three sample images per class. 
The median fragment size (P50) and 80% passing size (P80) values of images were extracted before 
classification and used to define more or less equal size-spans for each class in such way as to cover 
the entire range of observed fragmentation. The numerical values were not used to classify cycles, as 
the rating was solely qualitative, i.e. comparing the image sequence of each cycle to guide samples 
and rating them from 1 to 5. The range of pre-defined values for the P50 and P80 of each class is 
presented in Table 3. 

Table 3: Approximated values of P50 and P80 for each class of fragmentation. 

Class P50 ± stdev. [cm] P80 ± stdev. [cm] 
1 209 ± 39 464 ± 51 
2 336 ± 54 615 ± 73 
3 510 ± 59 785 ± 74 
4 653 ± 77 994 ± 105 
5 820 ± 91 1174 ± 156 
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The results of classification provided a statistically rigid base to understand the influence of 
fragmentation on downstream tasks. The study included qualitative assessment of 225 truckloads, 
equivalent to approximately 50 ktonnes of ore. The results were treated statistically and were 
correlated to respective factors of efficiency. Although the 5-class rating system does not deliver 
much information about the size distribution curve, it provides valuable insight into behaviour and 
effects of fine or coarse fragmentation on efficiency of loading and crushing tasks. 

 

5.4. Downstream Indicators 
Blasting is associated with different performance indicators. The scale and accuracy of these indicators 
depend on the size of the blast, machinery, available techniques and tools at hand. In the case of 
Aitik, the downstream tasks considered by the thesis are loading and crushing, which can be 
characterized by muckpile swell, loading efficiency, and crushing performance. Considering the 
limitations associated with field trials, and given the enormity of the data in this scheme, each of 
these stages includes careful filtering and selection procedures to keep external factors at bay. 

5.4.1. Swelling 

Trial blasts were scanned by a Lidar system before and after blasting. The scans provided an 
easy-to-use measure for blast performance by extracting the heave or volumetric swell after blasting. 

In order to avoid any bias introduced by fallen material at the edges and contours, a constant 
rectangular area of 1200 m2 at the centre of each blast was considered as representative of swell. In 
this way, the swell was evaluated far from the corners of the blasts; the throw at the edges of the 
blasts was also omitted from calculations as were the contour regions. Additionally, all blasts were 
fired in confined conditions with loose material lying at the toe, i.e. buffer blasting, to avoid different 
heave and throw conditions. 

The swell was either directly reported in the results as the mean increase in elevation (vertical heave), 
or converted to Volumetric Swell Factor when possible. The swell factors for the blasts were simply 
calculated by dividing post-blast volume by pre-blast volume at the centre-most part of the blasts. 
The representative area of swell was identical for all blasts; thus, the effect of variations in shape and 
volume of blasts was eliminated. 

5.4.2. Loading 

The load and haul fleet in Aitik mine comprises a variety of electric and hydraulic shovels combined 
with differently sized haul trucks. Loading efficiency is only comparable between similar types and 
makes of machinery, as the mechanisms and capacities of different rope shovels vary widely. 
Consequently, all truck cycles included in the study were filtered to include only identical shovels 
loading identical trucks, namely P&H4100C shovels with an 81.7 tonne dipper capacity loading 
CAT793 trucks with a capacity of 227 tonnes.  

The studied trucks were normally loaded to full capacity by 3–5 shovel passes depending on the 
fragmentation and diggability of the muckpile. Therefore, the trucks loaded with less than 3 buckets 
were considered under-loaded and were filtered out. Additionally, the trucks loaded with more than 
5 buckets were also omitted due to uncertainties regarding the event-logs. 

The loading efficiency in Paper C was evaluated in terms of number of buckets per truck (BPT) and 
weight of loaded material per bucket (BW). The rationale behind this is that larger bucket weights and 
smaller numbers of buckets to fully load the trucks lead to higher efficiency of loading and lower 
costs in long term. The bucket weight (BW), however, was intended to represent the fill factor for 
the fully loaded buckets, so only the second and third buckets in each loading cycle were included in 
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the analysis. This meant any uncertainty as to the fill factor of the first bucket was eliminated, as were 
the fourth and fifth buckets, which are usually under-loaded. In these trials it was possible to 
compare performance of different operators to investigate the extent of influence of operator 
proficiency on the loading efficiency. Therefore, the mean bucket weights of cycles were compared 
between 10 operators who loaded similar trucks by similar shovels in all trial blasts. 

In Paper D, the truck payload and number of shovel passes to fill a corresponding truck were used to 
estimate the mean payload of the dipper in each cycle. The mean payload of each dipper pass was 
compared to the nominal capacity of the dipper, and the mean fill factor was calculated and 
presented as the percentage of full dipper capacity. It should be noted, however, that the bucket 
weight (BW) in Paper C and bucket fill factor in Paper D represent a similar parameter stated in 
different terms. 

5.4.3. Crushing 

The gyratory crusher studied here was an Allis-Chalmers Superior 60-109. In this crusher, the 
diameter at the lower part of the mantle is 2770 mm, and the closed side setting (CSS) of 
160-180 mm determines the crusher product. Depending on the characteristics of the ore, the 
coarsest particles after crushing vary from 350 to 400 mm in size (Bergman 2005). During the study, 
the CSS and the eccentric speed of the crusher were kept constant, so the only variable was the 
torque applied on the motor for effective breakage, measured in terms of power draw (kW). The 
power draw at the crusher motor was sampled every nine seconds in Paper D and every 12 seconds 
in Paper B. The raw data were then broken down into crushing cycles by cross-referencing the 
power draw curve to the fleet logs, and each cycle was given a unique ID.  

Only the single dump cycles were selected for further analysis. The single dump cycles, as opposed to 
multi dump (choked) cycles, correspond to the crushing cycles in which the material from a single 
truck is dumped into the feeder; no other material is dumped until the cycle is finished. Figure 14 
shows samples of single dump and multi dump cycles of the crusher. The reason for this selection is 
that gyratory crushers perform slightly differently under choked conditions (Eloranta 1995). A 
choked crusher will go through a continuous material flow with heavier particle interaction and a 
varying force of gravity. This, in turn, could introduce bias into the energy consumption 
measurements. In addition, in the study mine, the blending of material in multi dump cycles made it 
impossible to trace the ore to a specific coordinate in the mine, possibly compromising the material 
follow up, as well as energy and tonnage estimation. 

 
Figure 14: Power-time curve for single- and multi-dump crushing cycles with their corresponding dump log. 

All crushing cycles included in the study were from single dumps. Each cycle started as soon as the 
material entered the idle crusher and ended when all the material had passed through and the status 
returned to idle. In this way, the start and end of all cycles could be distinguished precisely, and the 
influence of the rise and fall in torque of the motor was evident for all cycles. 
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By incorporating fleet data, each truck could be traced to its corresponding rope shovel, thus 
allowing loading efficiency and coordinates of the ore to be extracted as well. The loading 
coordinates were later cross-referenced with geological data to define the lithological origin of the 
ore, as energy consumption during crushing is strongly influenced by the ore hardness. 
Unfortunately, complex geology, uncertain mechanical properties and low spatial resolution of 
lithological information in the mine did not permit a strict distinction of ore types for the studied 
cycles. Hence, the mine was roughly divided into two main areas: north and south. During the 
study, the mined ore in the north had a large content of muscovite schist, while the south ore 
contained a high amount of biotite gniess. A summary of the mechanical tests on specimens of these 
ores is presented in Table 4.  

Table 4: Comparison of hardness for the two main ore types in Aitik. 

 North [MPa] South [MPa] 

Main Ore Muscovite Schist Biotite Gneiss 

Schmidt Hammer (Sjöberg 1999) 46.0 81.1 
Point Load Test (Valery et al. 2002) 28.6 112.1 
Point Load Test (Bergman 2005) 67.1 121.0 

UCS (Hantler 2015) 73.5 127.8 
 

All truckloads were traced back to their original coordinates in the mine and were distinguished as 
from either north or south. As seen in Table 4, tests on different specimens of these ores yielded a 
wide range of values for hardness. As mechanical properties of these ores do not fit within the scope 
of this thesis, the results were simply separated by origin. Therefore, the following comparisons do 
not consider the numerical difference in hardness of the material but simply indicate the origin of the 
ore as either north or south, considering that south ore is generally harder than north ore. Because 
the nominal density of both ore types is identical, the differences in the density of the ores were not 
considered in the analysis of loading or crushing and are not given in what follows. 

The energy consumption in the crusher was calculated for each cycle by integrating the area under 
the power-time curve (Figure 14). The consumed energy was normalized to the tonnage of the 
crushed material from the fleet logs, and energy consumption per unit mass was extracted and 
presented in kWh/tonne for each crushing cycle, considering the ore hardness. As the tonnage and 
duration were known for each crushing cycle, the momentary throughput of the crusher could also 
be calculated for the study presented in Paper D. 
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6. RESULTS 

6.1. Rockmass Effect 
The discontinuities in and around the pit were mapped by a photogrammetric technique (see  5.1). 
The identified joint sets from this mapping are presented in Table 5. The joint sets were named 
according to their respective dip angles and characteristics, i.e. high-angle (HA), middle-angle 
foliation (MAF), flat angle (FA) and cross-joint (CRJ). 

Table 5: All identified discontinuity sets in the mapped domains. 

Set Dip [°] Stdev. Dip Direction [°] Stdev. Spacing [m] No. Of observations 
HA1 88 3.8 75 8.3 2 383 
HA2 79 7.4 36 11.5 2.4 201 
HA3 87 7.6 1 8.1 1.9 170 
HA4 84 6.4 327 12.1 2 145 
MAF 46 8.4 183 12.5 2.1 328 

CRJ 45 8.9 358 13.4 2.1 104 
FA 19 7.5 185 30.7 2.1 72 

 

Based on the spread of discontinuities, the pit was divided into two structural domains; in such way 
that the major discontinuities in each domain were more or less consistent. The domains were also 
benchmarked against previous studies, lithology of the area, and large-scale geologic features, e.g. 
faults and shear zones, to confirm the boundaries. The resulting domains are presented in Figure 15. 

 

 

Figure 15: Division of the pit into two domains and their corresponding discontinuity structures; due to the lack of 
mapped faces, the footwall is excluded from the domains. 

The first domain was used to test a hypothesis on the influence of initiation direction on the 
outcome of the blast. Six full-scale trial blasts were designed and conducted to verify if different 
initiation directions could lead to different outcomes and to verify if there’s any correlation between 
major discontinuities and most favourable initiation direction. The trials were scanned after blasting 
and were monitored during loading to assess the heave and loading efficiency (see  5.4). The results 
were compared for different initiation directions and correlated to the discontinuities in the trial 
domain. 

The trials were conducted at level -225 m in the northern part of the pit, which mainly consists of 
hornblende banded gneiss, muscovite schist and biotite gneiss with few dykes of pegmatite within 
the test area. Figure 16 illustrates a scheme of the blasts and their corresponding local geology. 
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Figure 16: Scheme of the trial blasts, their initiation direction, local geology and identified discontinuities in the trial 
region. 

Since the fracture systems in all blasts were similar, the only parameters to vary in blasts were the 
horizontal orientation of drill pattern and the direction of initiation. The white arrows in Figure 16 
point out the orientation of the drill pattern and initiation direction for trials. The initiation 
directions are considered to be the throw direction of blasts along their corresponding burdens.  

Detailed specification of trial blasts are presented in Table 6, with the initiation direction pointed out 
as the azimuth. Burden, spacing, drill depth, explosive and stemming in all blasts were kept as 
consistent as possible. Due to practical limitations, however, there were some unavoidable variations 
in actual drill depth, mass of explosive and length of stemming. These discrepancies were considered 
as variations in average specific charge. All holes were charged with similar boosters and emulsion 
explosive. The Nonel™ system was used for initiation, and a linear row-by-row sequence was 
assigned to all blasts. Inter-row and intra-row delays were kept constant in all trials. 

Table 6: Specifications of the trial blasts. 

Blast 
Volume 

[m3] 

Hole 
diameter 

[mm] 

Number 
of holes 

Specific 
charge 
[kg/m3] 

Burden 
× 

Spacing 
[m] 

Inter-row 
delay 
[ms] 

Intra-row 
delay 
[ms] 

Blast 
direction 
azimuth 

P1 233752 

311 

220 0.95 

7.5 × 9.5 176 42 

345 
P2 306387 298 0.97 130 
P3 345245 326 0.98 170 
P4 310210 293 0.98 170 
P5 340451 297 0.96 300 
P6 292982 257 0.99 300 
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Despite the slight variations in lithology, the blasts were situated within one discontinuity domain, 
and the joint sets within the blasts were identical. To monitor any variation in the results due to 
lithology, blast P4 was assigned a setup identical to its neighbouring blast, P3. Blast P6 was given a 
setup similar to P5 for the same reason. The initiation directions for trials were based on practical 
limitations in the area, e.g. avoiding initiation towards the walls or the centre of the pit. 

The initiation directions of trial blasts were compared to the strike and dipping direction of the joint 
sets in the region and are presented in Table 7. The presented values correspond to the acute angular 
difference between the initiation direction and the strike of the joint set. The directions were also 
compared to the dip direction of the sets and noted as either “with the dip” or “against the dip”. For 
the sake of simplicity, all discontinuity planes in the sub-vertical joint sets, i.e. HA1 And HA3, were 
assumed vertical, and the direction of initiation was only compared to the strike of these joint sets. 

Table 7: Initiation direction of trial blasts compared to orientation of major discontinuity families present in the domain. 

 
Discontinuity set 

HA1 HA3 MAF CRJ 
 AAD* DIR** AAD DIR AAD DIR AAD DIR 
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70 Against the dip 77 With the dip 
P2 35 39 36 With the dip 43 Against the dip 
P3 5 79 77 With the dip 84 Against the dip 
P4 5 79 77 With the dip 84 Against the dip 
P5 41 33 30 Against the dip 37 With the dip 
P6 41 33 30 Against the dip 37 With the dip 

*: Acute Angular Difference between initiation direction and strike of the joint set in degrees 
**: Direction of blast compared to the dip direction of joint set 
 

Table 8 gives the results for the six trial blasts. The mean weight per full bucket, number of buckets 
per truck and volumes for representative areas on the blasts and their corresponding swell factors are 
listed. 

Table 8: Results of trial blasts with different initiation directions, presented in terms of swelling and loading efficiency. 

Blast P1 P2 P3 P4 P5 P6 
Mean bucket weight [tonne] 72.20 70.00 69.83 69.94 70.61 71.24 

Stdev. 8.65 7.96 8.06 5.42 5.49 6.23 
Count of load cycles 841 933 728 1193 565 667 

Mean buckets per truck 3.14 3.35 3.63 3.64 3.23 3.21 
Stdev. 0.37 0.52 0.59 0.59 0.43 0.43 

Count of load cycles 934 1347 1644 2793 717 817 

Pre-blast volume [m3] 17923 16558 16066 15725 16620 17395 
Post-blast volume [m3] 24929 22059 21688 21140 22599 24032 

Swell factor 1.39 1.34 1.35 1.34 1.36 1.38 
 

The swell factors for trial blasts are plotted in Figure 17a. The figure shows the largest swells in P1 
and P6 while P2, P3 and P4 show lowest swell factors. The mean values for bucket weight and 
number of buckets per truck are plotted in Figure 17b. 
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      (a) (b) 

    

Figure 17: a) Swell factor of the trials at the representative central area of blasts; b) Mean weight of full buckets and mean 
number of buckets per truck for the trials. 

The blasts follow a logical pattern for swell and ease of loading. P1 and P6 show the best 
performance, with the largest swell, largest bucket weights and least buckets per truck. P3 and P4, on 
the other hand, show the least swell and loading efficiency with almost identical values for all factors. 
P2 also shows comparatively poor performance with slight variations from P3 and P4. However, P5 
shows comparatively good performance, with a slight variation from P6. 

In order to control whether different operators performed differently, the mean bucket weights were 
cumulatively plotted for 10 operators who had worked on the same rope shovels on all blasts. The 
results appear in Figure 18. Each line on the graph corresponds to an individual operator working on 
all 6 trial blasts. The graph shows consistent variations between blasts for all operators. The stacked 
diagram indicates that most of the operators performed slightly poorer on P3 and P4, leading to 
significantly lower cumulative values. It also shows that the best performance for all operators is at 
P1, followed by P6 and P2; this agrees with the results in Figure 17b. 
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Figure 18: Cumulative mean bucket weights for ten operators who worked on similar rope shovels on all trial blasts. 

To compare the results visually, the feature scaling method was used to obtain comparative indices 
for the mean values of bucket weight, buckets per truck and swell factor. The indices, intended only 
for subjective comparison, were plotted in a polar diagram at their corresponding blast direction 
azimuth and are presented in Figure 19a. The major discontinuity sets from Table 7 appear in Figure 
19b. The graph in Figure 19a simply indicates that the blasts initiated towards the NW performed 
comparatively better than those initiated towards the SE in terms of bucket weight, buckets per truck 
and swell. A comparison of the two plots in Figure 19 reveals that P1, P3 and P4, all initiated along 
the strike of HA1, show contradictory performances depending on the direction of initiation 
compared to the dip direction of MAF and CRJ sets. The best blast performance is achieved when 
blasts are initiated with the dip of CRJ and against the dip of MAF. Likewise, in the figure, P2, P5 
and P6 share a similar strike, i.e. approximately 40° from both HA1 and HA3; however, P5 and P6, 
initiated with the dip of CRJ and against the MAF, resulted in comparatively better performances. 
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Figure 19: a) Comparative indices of swell factor, bucket weight and buckets per truck plotted in a polar diagram; 
b) Major discontinuity planes in the trial domain. 

Consequently, one can observe that among the six trial blasts with four initiation directions, the two 
directions that extend with the dip of CRJ and against MAF show better performance. Additionally, 
a comparison of P1, P5 and P6 shows that the direction of P1, which makes an approximately 
vertical angle with HA3 in the figure, yielded better performance compared to  P5 and P6, both of 
which were fired at a 40° angle from strike of HA3. 

Based on the above discussion, it seems that in the first domain in the pit, where the trials were 
conducted, initiation towards south and south-east should be avoided. Higher loading efficiency can 
be expected from initiation towards north or north-west. At the same time, it can be argued that the 
observed parameters, i.e. bucket weights and buckets per truck, only show small or even marginal 
variations. It is, however, worth mentioning that despite the slight numerical variations in bucket 
weights and mean number of buckets per truck, their effect on long-run productivity will be 
significant. Also, the results were extracted from large numbers of load cycles, so one tonne increase 
in the mean bucket weight would yield thousands of man-hours and machine-hours in long-term 
production of such large-scale open pit. Therefore, these trial blasts show that a careful adaptation of 
blast directions in relation to dominant discontinuity directions may have a significant impact on 
productivity and efficiency. In fact, the results of such simple and cost-free adaptation were so 
impressive that the management of Aitik decided to tailor all production blasts to this new finding. 
The consequent result was even more impressive as, according to subjective feedback from the mill, 
the fragmentation had become “too good” and a need for coarser fragments had emerged. 
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6.2. Stress Wave Interaction 

6.2.1. Analytical and numerical results 

For a clear presentation, Figure 10 from chapter 4 is reproduced:  

 

The stress histories at point B between the holes are given in Figure 20. These include stresses due to 
single hole shots and due to wave interaction by both holes. s  is the stress in the spacing direction 
and b is the stress in the burden direction. 
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c) s at point B due to the second blast hole d) b  at point B due to the second blast hole 
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Figure 20: Stress histories at point B with and without stress superposition for 1 ms delay time case. 
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The analytical results were compared to the results of numerical analysis; the maximum tensile stress 
in both spacing and burden directions at 0t  ms and 1t  ms is presented in Figure 21. 
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a) Maximum tensile stress in the spacing direction when 

Δt=0 ms 
 

b) Maximum tensile stress in the burden direction when 
Δt=0 ms 
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c) Maximum tensile stress in the spacing direction when 

Δt=1 ms 
d) Maximum tensile stress in the burden direction when 

Δt=1 ms 

Figure 21: Maximum tensile stress distribution in the spacing and burden direction between two adjacent blast holes. 

Figure 21 shows that the maximum tensile stress in the spacing direction derived from the numerical 
results is larger than that derived from the analytical results. One possible reason is that the numerical 
results show the stress in elements while the analytical results show the stress at a point. The 
numerical and analytical results for the maximum tensile stress in the burden direction are close, and 
show a similar trend. Figure 21 also indicates that the tensile stress superposition only takes place in a 
local zone around the collision point of two stress waves. The duration of the blasting load is short, 
so the stress history of the particle is short; consequently, the interaction time of two stress waves is 
short. The results of qualitative analysis suggest a long interaction time, and this implies the blast load 
duration is long. Finally, Figure 21 shows that the superposition of the tensile stress in the burden 
direction has little influence on the tensile stress distribution. 
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To examine the wave interaction scheme beyond the second blast hole, stresses were extracted at the 
extended line between the holes. Figure 11 from chapter 4 is reproduced here as a sketch of three 
blast holes: 

 

If the delay time is long, the wave front of the stress wave from the first blast hole will propagate 
through the second blast hole before the explosive in the second hole is initiated. Assuming the 
influence of the second blast hole on the propagation of the stress wave from the first blast hole can 
be neglected, after the initiation of the second hole, two stress waves may interact at the extended 
line of two adjacent holes if an appropriate delay time is used. 

According to the analysis above, no stress wave interaction occurs if 3t  ms. Therefore the next 
step was to consider the case of 2t  ms. Based on the previous analysis, the stress in the burden 
direction decreases dramatically with the increase of distance to the hole, therefore only the stress in 
the spacing direction was studied. The maximum tensile stresses with and without stress wave 
superposition in the spacing direction at the extended line are shown in Figure 22. 
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Figure 22: Maximum tensile stress in the spacing direction at the extended line when Δt=2 ms; distance from blast 
hole is presented as multiples of hole radius a. 

Figure 22 indicates that when the delay time is 2 ms, the maximum tensile stress in the spacing 
direction between the second hole and the third hole is larger than the tensile stress induced by a 
single blast hole. This result is based on the assumption that the second blast hole does not affect the 
propagation of the stress wave from the first blast hole. 

The influence of the second blast hole on propagation of stress waves was also modelled numerically 
in LS-DYNA code. The blast load was applied to the wall of the first blast hole and after 2 ms, the 
same load was applied to the wall of the second blast hole. Figure 23 illustrates the model right 
before and right after the stress wave from first hole reaches the second hole and continues along the 
extended line of holes, i.e. L2. 
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a) The geometry of the model 

 
b) Distribution of s  at 2 ms 

 

c) Distribution of s  at 2.1 ms 

Figure 23: Distribution of s  at different times and the effect around the second blast hole. 

The distributions of s  at 2 ms and 2.1 ms in Figure 23 indicate that the existence of the second 
blast hole has an influence on the propagation of the stress waves from the first blast hole. The 
maximum tensile stress in the spacing direction ( ts ) at line L1 before 2 ms and at line L2 after 2 ms 
is shown in Figure 24. The maximum ts  at line L1 can be taken as the stress induced by a 
single-hole shot while the maximum ts  at the line L2 is the stress after the stress wave 
superposition. With the radius of the blast hole as a, Figure 24 indicates that the maximum ts  at 
line L2 decreases before 35a compared to the maximum ts  at line L1. After 35a, the maximum ts  
is slightly greater at line L2 than at line L1. Because the results of numerical modelling are quite 
different from the analytical results, the influence of the second blast hole on the propagation of stress 
wave from the first blast hole cannot be neglected. 
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Figure 24: Maximum tensile stress in the spacing direction at the lines of L1 and L2 when Δt = 2 ms. 

Essentially, for two waves to interact between two adjacent blast holes, the delay time between the 
holes should roughly satisfy the condition of )()2( TCaLt p , where T is the duration of blasting 
load and is generally very short. In practical engineering, the value of  pC  is generally larger than 
3000 m/s. The spacing of two adjacent blast holes is decided by the size of the blast hole and 
geology of the blasting area. For the blast hole with a diameter of 311 mm, the spacing is generally 
within the range of 8~10 m. The minimum delay time of an electronic detonator is 1 ms, and the 
range of delay time is about 0~4 ms for stress wave interactions between two adjacent blast holes. 
The smaller the diameter of a blast hole, the smaller the spacing, and therefore, the smaller the range 
of delay time for stress wave interaction. If the stress wave interaction occurs, the analytical results 
indicate that an increase in tensile stress only takes place in a very small zone around the collision 
point of two stress waves. 

Supposing the stress waves interact at the extended line of the two blast holes, the delay time should 
satisfy the condition of TCLtTCaL pp)2( , which is also a small range. For example, 
if the delay time is 3 ms instead of 2 ms, there is no stress wave interaction. Because the potential 
initiation deviation of electronic detonators is 1 ms, it is hard to ensure stress wave superposition will 
occur in an expected manner. 

Although the analytical results indicate the superposition of stress waves increases the tensile stress at 
the extended line of two adjacent blast holes compared to a single blast hole, the numerical results 
indicate this premise is not reasonable and yields contrary results. Put otherwise, the analysis suggests 
that it would be impossible to improve fragmentation via stress wave interaction. 

6.2.2. Field trial results 

Six trial blasts were carried out to investigate the effect of short delay times on fragmentation and 
downstream efficiency (Table 9). All trials had a similar drill pattern and the same inter-row delay 
time. The crucial parameters were kept as consistent as possible, but as the trials were conducted 
under production conditions, this limited the number of controlled parameters. This issue, common 
in almost all full-scale blasting experiments, caused some data loss and marginal variations in some 
parameters, e.g. geology and specific charge. For the sake of clarity, any uncertainty or undesired 
variation is noted throughout the results. 
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Table 9: Specifications of the trial blasts for stress wave interaction. 

Trial 
Blast Bench No. Volume 

[m3] 
Initiation 
method 

Inter-hole 
delay 
[ms] 

Inter-row 
delay 
[ms] 

Burden × 
Spacing [m] 

1st Ref. S1_210_11 285676 Pyrotechnic 42   
1 S1_210_12 301379 Electronic 6   
2 S1_225_11 243980 Electronic 1 176 7 × 9 
3 S1_225_12 302888 Electronic 3   

2nd Ref. S1_225_13 316073 Pyrotechnic 42   
4 S1_225_14 300631 Electronic 1   

 

The trials were carried out in the south-eastern part of the mine close to the hanging wall. The trial 
domain mainly consisted of muscovite schist and some short intrusions of biotite gneiss, pegmatite 
and biotite schist. 

The results from image analysis of fragmentation in the six trial blasts are presented in Figure 25. The 
figure features the delay times of trials together with the median size, 80% passing size, and 
maximum observed fragment size, i.e. P50, P80 and P max, respectively. The results show no 
observable trend in the behaviour of the fragmentation when correlated with delay times. However, 
the figure shows 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 shows the 
coarsest fragmentation among all the trials including the reference rounds with 42 ms inter-hole 
delay time. 

 

 

Figure 25: Results of fragmentation analysis; median fragment size (P50), 80% passing size (P80) and maximum observed 
fragment size (P max) plotted for respective inter-hole delay time of trials. 
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Statistical distributions of P50 and P80 of all trials are plotted in Figure 26. The scatter of both P50 
and P80 are rather large for the first two trials largely because of the shooting angle of photographs; 
i.e. the shooting angle of the camera was not perpendicular to the truck axis. The source of error was 
identified after the first two trials and minimized, as shown for the rest of the trials. The scatter of the 
last four trials seems to be consistent. 

 

 

 

Figure 26: Statistical distribution and scatter of a) P50, and b) P80 in the trial blasts. 

A summary of all the results and their corresponding statistics is presented in Table 10. To 
compensate the variations of as-charged holes from as-planned holes, the specific charge of each trial 
was extracted from the drill and charge reports and added to the results. The marginal deviations in 
specific charge between the blasts stem from unavoidable deviations in drill depth and explosive mass 
in comparison to the planned values. 

Table 10: Summary of results from short delay trial blasts. 

 
Trial Blast 

1st Ref. 1 2 3 2nd Ref. 4 
Bench No. S1_210_11 S1_210_12 S1_225_11 S1_225_12 S1_225_13 S1_225_14 

Delay time [ms] 42 6 1 3 42 1 
Specific charge 

[kg/m3] 1.00 1.00 1.05 1.07 1.11 1.10 

P50 ± stdev. 377 ±265 396 ±359 344 ±104 220 ±65 244 ±73 266 ±83 
Min–Max [mm] 225–1255 172–1820 135–591 130–392 116–418 91–493 

P80 ± stdev. 768 ±524 892 ±558 644 ±171 474 ±123 532 ±200 577 ±158 
Min–Max [mm] 482–2491 471–2979 316–934 302–838 281–1172 203–933 

Swell ± stdev [m] – 4.8 ±0.9 4.5 ±0.8 5.5 ±1.3 4.8 ±1.1 5.9 ±1.1 
Crushing Energy ± 

stdev. 
[kWh/tonne] 

1.22 ±0.3 1.29 ±0.2 1.47 ±0.2 1.61 ±0.3 1.50 ±0.3 1.45 ±0.2 

 

                a)          b) 
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As mentioned, two trials (S1_210_11 and S1_210_12) were photographed differently than the rest. 
Consequently, the fragmentation for these two trials shows larger deviations, making them unsuitable 
for comparison with other trials. This problem, added to the unavailability of data on swell and 
crushing energy for both trials, caused them to be omitted to maintain a consistent data quality. 

For a better overview of the variations of each factor, the results of the comparable trials are 
presented as percent deviation from the mean in Table 11. 

Table 11: Results from short delay trials presented in terms of percent deviation from mean. 

Percent deviation from mean [%] 

 Mean S1_225_11 
(1 ms) 

S1_225_12 
(3 ms) 

S1_225_13 
(42 ms) 

S1_225_14 
(1 ms) 

Specific charge 
[kg/m3] 1.08 –3 –1 +2 +2 

P50 [mm] 268 +28 –18 –9 –1 
P80 [mm] 556 +15 –15 –4 +3 

Crushing Energy 
[kWh/tonne] 1.5 –2 +6 –0 –3 

Swell [m] 5.1 -13 +6 –7 +14 
 

As seen in Table 11, Bench S1_225_11 with 1 ms delay yielded the coarsest fragmentation and 
lowest swell compared to the rest of the trials, while bench S1_225_12 with 3 ms delay resulted in 
the finest fragmentation. However, the effect of the specific charge should be noted before the delay 
effect is interpreted. Benches S_225_11 and S1_225_14 were both blasted using a 1 ms inter-hole 
delay time; the crushing energy of both trials is also similar. Yet bench S1_225_11 yielded 28% 
coarser P50 and 13% lower swell than the mean, while bench S1_225_14 showed almost 1% finer 
P50 and 14% larger swell than the mean. The same trend can be observed for P80 values of these 
trials. The only difference in the blasting of these two benches is the slight change in the specific 
charge from 1.05 kg/m3 in S1_225_11 to 1.10 kg/m3 in S1_225_14. Therefore, the trivial increase 
in the specific charge affected the fragmentation and swell to a large extent. At the same time, 
however, bench S1_225_12, with 3 ms delay time, yielded the finest fragmentation among all 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 11 shows rather marginal changes in fragmentation from the theoretically 
calculated inter-hole delay times. Although 3 ms delay time resulted in finer fragmentation and larger 
swell, the results suggest that the effect is not as considerable as mentioned in the literature. One 
possible explanation for that could be the considerably large specific charge in Aitik mine. Previous 
studies in Aitik mine (Ouchterlony et al. 2012; Nyberg et al. 2006) have shown that variations in the 
specific charge and the geology of the bench are of great importance in fragmentation results. In this 
study, the geology was kept as consistent as possible, suggesting that the effect of delay time on 
fragmentation was easily overshadowed by slight variations of specific charge. Some improvements 
were observed in the trial with 3 ms delay time, but improvements were marginal and delay times 
did not show any significant effect on fragmentation. The specific charge was the dominant factor in 
these trials. 
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6.3. Target Fragmentation 
Paper D presents a statistical analysis of the feed fragmentation of 225 single-dump crushing cycles 
(ca. 50 ktonnes of ore) in an ordinal manner. The study considered the fragmentation for 40 cycles 
using an image analysis tool and correlated the results to the crushing energy consumption per unit 
mass, throughput of the crusher and fill factor of the shovel dipper. The crushing cycles were traced 
to their loading origin and were subjectively separated by the estimated ore hardness. During the 
study period, the CSS of the crusher was kept constant, as was the rotational speed of the mantle. 
The loading efficiency was compared for identical electric rope shovels. The classification and image 
analysis were conducted in a systematic manner with images from a single stationary camera aimed at 
the crusher inlet. 

A summary of the classification results is presented in Table 12. Mean values for crushing energy, 
crusher throughput and fill factor of shovel dipper are separated by ore type, i.e. north (softer ore) or 
south (harder ore) and presented for each fragmentation class. 

Table 12: Summary of the results from classification of feed fragmentation and their respective efficiency indicators. 

 
Crushing Energy 

[kWh/kt] 

Crusher 
Throughput 

[t/min] 

Shovel Fill 
Factor [%] 

 Ore Type Mean Stdev. Mean Stdev. Mean Stdev. 

F
ra

gm
en

ta
ti
on

 C
la

ss
 1 

North 70.46 19.59 80.01 18.32 87.88 10.34 
South 82.91 13.71 75.70 11.21 78.67 9.96 

2 
North 92.36 21.49 79.12 20.55 90.89 7.46 
South 137.04 34.66 68.05 16.16 93.32 8.44 

3 
North 117.95 28.80 74.46 20.34 84.30 9.87 
South 149.21 28.77 64.99 17.34 80.58 14.13 

4 
North 176.38 31.71 57.52 10.16 74.12 11.95 
South 192.30 36.16 52.89 14.92 65.32 10.08 

5 
North 190.03 19.18 57.39 9.27 63.49 13.11 
South 207.57 45.08 49.39 10.58 60.62 10.35 

 

Table 12 shows the crushing energy consumption gradually increasing as the fragmentation shifts 
from fine to coarse. Meanwhile, throughput shows a consistent decrease with increasing fragment 
size. The fill factor shows the highest loading efficiency for class 2 fragmentation (i.e. finer 
fragmentation); it gradually decreases as fragmentation reaches the very coarse end (class 5). To 
determine the statistical distribution of values in each class, Figures 27-29 compare means and 
quartiles across fragmentation classes. 
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Figure 27: a) Mean crushing energy, and b) statistical distribution of crushing energy within each fragmentation class 
separated by ore type. 

In Figure 27a, the mean energy consumption shows a consistent step-wise increase from class 1 
(very fine) to 5 (very coarse). For all fragmentation classes, the south ore (harder ore) consumes more 
energy than the north ore (softer ore). The difference is largest for classes 2 and 3, implying ore 
hardness is less influential for crushing very fine or very coarse fragmentations. In addition, the 
increase in energy consumption from class 4 to 5 is comparatively smaller than that between other 
classes in both ores, especially from class 3 to 4 where we see the largest leap. This indicates 
fragmentation is less influential when the particles are larger than a certain size. This can be seen in 
the distribution plot as well (Figure 27b). However, the distribution of the values exhibits large 
variation spans in all classes. Overall, the variations increase as fragmentation becomes coarser. The 
largest spans, for classes 4 and 5, show a more or less similar statistical range of variation. It is also 
apparent that the lower and upper quartiles lie relatively far away from minimum and maximum 
values, suggesting the statistical spread includes a wide scatter. 

The analysis of mean crusher throughput (Figure 28) shows the largest decrease in throughput occurs 
between class 3 and class 4. There is a slight decrease from class 1 to 3, a significant drop from class 3 
to 4, and a marginal difference between class 4 and 5. The south ore yields less throughput in all 
classes compared to the north ore. Similar to energy consumption, the differences between 
throughputs of the north and south ores are more pronounced in classes 2 and 3 and marginal in 
classes 1, 4 and 5.  The distribution of throughput (Figure 28b) demonstrates large variations in 
classes 1 through 3 with more or less similar ranges in all quartiles, and classes 4 and 5 showing 
comparatively smaller, but identical throughputs overall. 

a)  b) 
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      a)          b) 

Figure 28: a) Mean crusher throughput, and b) statistical distribution of throughput in each fragmentation class, separated 
by ore type. 

The fill factor of the shovel dipper (Figure 29a) shows a dissimilar trend. First, the influence of the 
ore type is not as pronounced for loading as for crushing. North and south ores show closely 
comparable means and medians. Second, the fill factor in class 1 is lower than in class 2, indicating 
medium-fine fragmentation has higher diggability than very fine fragmentation. The fill factor 
gradually decreases from classes 2 through 5. The quartiles in the distribution plot (Figure 29b) also 
show a decrease, with a marginal difference between the two ores. 

 

         
      a)            b) 

Figure 29: a) Mean fill factor of shovel dippers, and b) statistical distribution of fill factor of within each fragmentation 
class, separated by ore type. 
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The results of feed fragmentation classification provide an overview of the trends in loading and 
crushing efficiency over a relatively large sample population (n=225). In contrast, the image analysis 
results, presented in Figure 30, provide a detailed view of size distribution for 40 crushing cycles and 
the correlation between their fragmentation and efficiency indicators. Since P80 and P50 of the size 
distributions were strongly correlated, the image analysis results are presented only in terms of P80 
(Figure 30a). More or less similar trends were observed for P50, but are not presented here. 

         
    a)             b) 

          
   c)        d) 

Figure 30: Results from image analysis: a) Correlation between P50 and P80 of all analysed images; b) Crushing energy 
plotted against P80; c) Crusher throughput versus P80; and d) Shovel fill factor plotted against P80 of the feed. 

The plot of crushing energy against P80 of the feed shown in Figure 30b demonstrates a correlation 
similar to that found in the classification results. The energy consumption increases as fragmentation 
reaches the coarse end of the spectrum. The regression lines show south ore generally consumes 
more energy during crushing, though the difference is marginal in the fine end of the fragmentation 
range and increases with P80. The difference between the ores is more pronounced in the mid-range 
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(P80=600–800 cm) and includes large scatter at the coarse end. This agrees well with the results 
obtained from classification; however, the variations at the coarse region of the plot could imply that 
factors other than ore type and fragmentation have influenced the energy consumption. 

As Figure 30c shows, the crusher has a decreasing trend for throughput as fragmentation reaches its 
coarse end, but the low correlation coefficients imply that in single crushing cycles, the throughput is 
not only affected by fragmentation but also by external factors such as feeding rate (material flow) 
and shape of fragments. The regression lines show that, on average, south ore yields less throughput 
than north ore, but the values do not show a strong correlation to either size or ore type in this 
number of samples (n=40). The fill factor of the electric shovels, given in Figure 30d, shows a 
relatively weak correlation with P80. However, the trend of the overall envelope suggests diggability 
decreases with increasing P80. But the correlation coefficients are small, and no distinct difference is 
observed between the two ores as all points lie within a similar, wide statistical range. This could 
arguably be due to inaccuracies in fragmentation measurements, the operator-dependence of the 
loading performance or other factors related to the machinery; either way, the large scatter does not 
allow a solid conclusion about the loading efficiency. 

Finally, the findings of this study suggest higher loading and crushing efficiencies can be achieved in 
Aitik mine. This could be accomplished by tailoring the blast induced fragmentation to class 2 or 3, 
approximately equivalent to a P80 of 600–800 cm. Such target fragmentation could be achieved by 
using field trials to find the most economical blast setup satisfying those requirements. Furthermore, 
the results suggest north and south ores lead to different crushing efficiencies, something to consider 
in blast design and cost estimations. The target fragmentation for loading and crushing can be 
correlated to the operational parameters of the crusher and the efficiency of the mill to find the most 
suitable combination for efficient milling. Subsequent cost estimations for each unit operation can 
determine a combination of blast setup, crusher setting and milling parameters to eventually yield the 
highest overall chain value of this particular operation in the long term. 
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7. DISCUSSION AND CONCLUSIONS 

This thesis investigated some aspects of open pit mining and examined methods to evaluate and 
improve the operational efficiency through modifications in drill and blast operations. Due to 
site-dependence of these issues, the methods and results were presented in form of an extended case 
study of the Aitik mine. In the case study, rockmass discontinuities and stress wave interaction due to 
short delay times were examined and their influences on efficiency were tested in full-scale field 
trials. Furthermore, empirical methods were utilized to assess the target fragmentation for efficient 
loading and crushing. Additionally, the available tools to measure fragmentation were employed in 
field trials and their results were evaluated with respect to operational efficiency. The findings are 
linked to the research questions as follows. 

 

RQ1. How can rockmass characteristics be implemented in open pit operations to 
improve fragmentation and efficiency? 

A thorough understanding of the rockmass is vital to any blasting effort if uniform and 
well-proportioned fragmentation is desired. The frequency and orientation of rockmass 
discontinuities are extremely influential in blasting. A method for mapping the major discontinuities 
was employed and modifications to blast designs were carried out respectively. The results prove that 
a careful adaptation of blast design to existing discontinuities can yield significant improvement in 
downstream efficiency. Larger swell and better loading efficiencies were achieved in Aitik just by 
implementing these adaptations. The results also show that careful experimentation in this area can 
lead to a subjective understanding of the most favourable initiation direction given the existing 
discontinuities in different domains of a large open pit. Such knowledge provides a basic guideline 
for blast design and can lead to significant savings in the long run. This was factually proven in Aitik 
as the run-of-mine fragmentation improved significantly after the blasts were oriented in accordance 
to the major discontinuities. 

 

RQ2. How can stress wave propagation theories be utilized to improve fragmentation 
and efficiency through timing of blast holes? 

The function of blast relies on the sequential initiation of blast holes in a systematic and calculated 
manner. It is claimed that short delay times of electronic detonators can be used to construct an 
interaction scheme to take advantage of stress wave superposition and, improve breakage between 
blast holes. However, the theoretical solutions, numerical modelling, and field trials, discussed in 
papers A and B, find little correlation between stress wave interaction and blast results.  

The analytical and numerical analyses show that the effect of stress wave superposition is rather small, 
and is limited to a narrow field between blast holes and along their extended line. When the field 
trials tested those theories in full-scale, they found no significant improvement in the tested setup. In 
contrast, fragmentation was more sensitive to slight variations in the specific charge. The influence of 
stress wave interaction was easily overshadowed by normal deviations in drill and blast operations. 
Add to this the inhomogeneity of the rockmass and the stress wave interaction scheme turns obsolete 
in production blasts. 

Altogether, the results suggest that the claim about significant improvements in fragmentation due to 
stress wave interaction does not hold true in open pit blasting. Furthermore, the theories behind this 
claim are based upon assumptions that are not reasonable in production blasting, e.g. no influence 
from joints and fractures, homogeneous medium, etc. Hence, it would be rather implausible to 
expect any noticeable improvements with the use of short delays. 
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RQ3. What are the effects of fragmentation on efficiency of downstream tasks and what 
fragmentation is most favorable? 

Any blast should be designed according to its respective product requirements. The target 
fragmentation is what the blasters aim for, despite all uncertainties and deviations in drill and blast 
tasks. Paper D presents an empirical method to evaluate the influence of fragmentation on loading 
and crushing, and proposes a range of fragmentation to yield higher efficiency in these tasks. 

In this study the feed fragmentation of 225 crushing cycles (ca. 50 ktonnes of ore) were studied 
ordinally. The results were correlated to efficiency of loading and crushing, and were analysed 
statistically to provide a glimpse of the target fragmentation for the required tasks. 

This study shows that by incorporating different data from various sources in a mine, one can follow 
the ore from muckpile to loaders and then to crushers. Having a qualitative understanding of the 
fragmentation, and by developing tools to measure efficiency, one can estimate what fragmentation is 
most favourable for an efficient operation. It also sets an example of how a simple qualitative 
assessment of fragmentation allows for continuous monitoring, which yields a subjective 
understanding of better blasting. 

Although the methods may not conform to all open pit mines, they show a logical process to 
monitor different aspects of an operation over time and to distinguish trends. The findings of such 
observations provide a platform upon which one can construct a local site-specific roadmap to 
understand the effect of fragmentation on efficiency, and modify the blast setup to achieve this target. 

 

RQ4. How can fragmentation measurement techniques be utilized to improve 
efficiency? 

The current tools to quantify fragmentation have several shortcomings that limit their repeatability. 
The studies performed for this thesis employed two techniques to assess fragmentation. The image 
analysis method provided a detailed analysis of fragmentation on a limited number of samples, while 
the qualitative classification gave a descriptive and subjective measure of fragmentation over a much 
larger number of samples. The studies suggest that both techniques include large scatters and depend 
on several external factors. This, in turn, can jeopardize the results, as there is no feasible method 
available to benchmark such results and validate them. 

When put into perspective, the low repeatability of these techniques invites scepticism as to how 
accurate the results are. One is consequently driven to a dilemma of reliance; to trust the results 
unquestionably, or to dismiss them out of hand? The middle ground in this dilemma is to accept 
those techniques as tools in our current state of technology, while taking their results with a grain of 
salt. In other words, while newer and more useful techniques (3D analysis, laser scanning, etc.) are 
under development, one can take advantage of the available tools by keeping the erroneous factors to 
a minimum, and by increasing the statistical representation via careful, broad sampling. 

Additionally, the purpose of the measurement and the assumptions based on it determine the most 
favourable technique and its technical requirements. In matters of efficiency and productivity, the 
millimetre precision of image analysis is of little use if it is not representative of the overall trend of 
variations in run-of-mine fragmentation; whereas a simple qualitative assessment of fragmentation 
over a long period of time can be extremely useful in large-scale blast evaluations. After all, knowing 
that 30% of a 300,000 m3 production blast resulted in “fairly coarse” fragmentation is more useful in 
long-term production design than is the knowledge of the detailed size distribution of a few 
truckloads sampled randomly. 
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It was also found that the procedure for these assessments is the key to accuracy. The techniques are 
rather sensitive to several factors, e.g. imaging angle, perspective, scaling, and delineation quality. 
Therefore, it is essential to determine the measurement scheme beforehand and take actions to 
mitigate these factors. Some general shortcomings of image-based methods for assessment of 
fragmentation were observed as well, e.g. segregation of material, fragments’ lay and shape, 
overlapping fragments and inhomogeneity within each sample. These observations are not easily 
measurable in a non-contact manner, but affect the results in one way or another. Nevertheless, 
image-based methods provide useful insights as long as they are employed prudently and their results 
are taken not as absolute figures, but as trend identifiers. 
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8. FUTURE RESEARCH 

This thesis has explored a narrow range of tasks (drilling, blasting, loading, crushing) in the bigger 
picture of an open pit mine. The findings are limited to a case study mine, but the logical process 
and the approach to the issues could shed light on how to attack certain problems more generally.  

The future open pit operations could benefit from research on the influence of various factors in the 
long-term efficiency. Potential fields for further research include, but are not limited to, the 
following: 

 Influence of blasting on milling efficiency: 

Processing the ores is the most costly and energy-intensive stage in the mining chain. 
In-depth research is called for if we are to understand the influence of blasting on milling and 
use it to efficiency’s advantage. 
 

 Continuous monitoring of fragmentation in the long term: 

In larger mines, variations in the run-of-mine fragmentation occur over weeks or even 
months. To be aware of these variations and act upon them accordingly, one needs a reliable 
method to keep track of daily, weekly, and monthly trends of variations. This could be 
achieved by innovative measuring techniques or even by a systematic engineering approach 
combined with statistics. 
 

 Influence of structural geology (joints and fractures) on blasting and operational efficiency: 

Although significant, the influence of natural fractures on blasting is mostly neglected in 
current blasting techniques and models. Research on the extents of this influence and 
formulation of typical structural cases can provide hands-on knowledge to improve blasting 
and overall efficiency.  
 

 Innovative blasting techniques for better fragmentation and efficiency: 

New techniques and gear are constantly being introduced to the mining industry. It is, 
however, the researcher’s task to evaluate them beyond commercial agendas. Ultimately, the 
usefulness of such innovations cannot be proven unless tried and tested. 
 

 Data handling and smart information management: 

Nowadays, there is far more information gathered in a typical mine than is used for any 
purpose. MWD, lidar scans, fleet management, energy consumption, and many more sources 
produce data that can be used to the advantage of the operation, if integrated and analysed 
properly. 
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9. IN CLOSING 

A large open pit mining operation entails a plan that typically extends to 10-50 years of 
round-the-clock production. Naturally, an operation that has been in production for 10 years and 
more is operating under conditions that could not be foreseen by the planners of the mine. 
Commodity prices, machinery, monitoring techniques, and milling methods are constantly changing, 
so larger operations must be periodically re-evaluated, with adaptations to accommodate newer, 
more efficient tools and techniques. 

The requirements and operating conditions in open pits vary depending on rockmass, geological 
conditions, ore grades, processing methods, environmental limitations, climate, and several other 
factors. Thus, guidelines on increasing efficiency are limited to the circumstances in any given mine 
and may not apply to another operation. 

Of course a generic model for the optimization of open pits would be rather complex, as it should 
include all aspects of a target site; that being said, a simple engineering approach to the issues can 
come in handy in matters of efficiency, especially given the uncertainties in many facets of this field. 
This, however, should not be confused with the common scientific definitions of detonation, 
blasting, fragmentation, or efficiency, as the conditions in an open pit are far from the assumptions of 
our scientific perception of the said phenomena. 

Finally, one can be certain that humankind’s need for minerals will not diminish anytime soon. 
However, in an industry with decades-long schedules and rapid technological changes, the key to a 
secure and sustainable future is continuous research and development. This work can be considered a 
minor contribution towards this goal. Yet the fields involved in this subject need to be studied in 
much deeper details if safe, efficient, and environment-friendly operations are desired for the coming 
generations.  
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Abstract Rock fragmentation by blasting is determined by

the level and state of stress in the rock mass subjected to

blasting. With the application of electronic detonators, some

researchers stated that it is possible to achieve improved

fragmentation through stress wave superposition with very

short delay times. This hypothesis was studied through the-

oretical analysis in the paper. First, the stress in rock mass

induced by a single-hole shot was analyzed with the

assumptions of infinite velocity of detonation and infinite

charge length. Based on the stress analysis of a single-hole

shot, the stress history and tensile stress distribution between

two adjacent holes were presented for cases of simultaneous

initiation and 1 ms delayed initiation via stress superposition.

The results indicated that the stress wave interaction is local

around the collision point. Then, the tensile stress distribution

at the extended line of two adjacent blast holes was analyzed

for a case of 2 ms delay. The analytical results showed that

the tensile stress on the extended line increases due to the

stress wave superposition under the assumption that the

influence of neighboring blast hole on the stress wave prop-

agation can be neglected. However, the numerical results

indicated that this assumption is unreasonable and yields

contrary results. The feasibility of improving fragmentation

via stress wave interaction with precise initiation was also

discussed. The analysis in this paper does not support that the

interaction of stress waves improves the fragmentation.

Keywords A single-hole shot � Short delay time � Stress
wave interaction

1 Introduction

Rock blasting is used to fragment the rock into smaller

particles to facilitate subsequent handling (mucking,

transportation, etc.). Practical blasting indicates that

delayed initiation yields better results including finer

fragmentation and less vibration than simultaneous initia-

tion. The influence of delay times on fragmentation has

been investigated through small-scale experiments, field

trials and numerical simulations (Langefors and Kihlstrom

1963; Nutting and Stagg 1986; Stagg and Rholl 1987;

Tatsuya et al. 2000; Aldaş et al. 2001; Cho and Kaneko

2004). With the application of electronic detonators, which

have the minimum delay of 1 ms and a delay accuracy

down to 1 ms, and based on theories of stress wave inter-

action, some researchers proposed the usage of electronic

detonators to improve fragmentation and control blast

vibrations. Rossmanith (2002) described a 2D-model

which reveals how a positive effect of shock wave inter-

action could be achieved. Vanbrabant and Espinosa (2006)

claimed that the delays should be chosen to create an

overlap of the negative tails of the P-wave particle velocity.

Their full-scale test results indicated that the average

fragmentation improved by nearly 50 %. Chiappetta (2010)

argued that the optimal delay times should be in the range

where the shock waves interact with each other between

the holes, i.e., delays should be short enough so the shock

wave from a previous hole in the row does not reach the

next hole in line before it initiates. Chiappetta’s study

(2010) indicated an improved fragmentation based upon

image analysis. On the other hand, the investigation of

Katsabanis et al. (2006) indicated that selecting a very

short delay time for optimization of fragmentation is

questionable. After a detailed review of past data and

theoretical analysis with an advanced analytic model, Blair
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(2009) stated that the role of stress wave collision in rock

fragmentation by blasting is neither predictable nor sig-

nificant. He also analyzed the limitations of the major

assumptions implied in most arguments to support the use

of electronic delays to optimize fragmentation. The results

of small-scale tests by Johansson and Ouchterlony (2013)

also showed that there was no significant influence of short

delays on fragmentation. Some numerical results did not

support the hypothesis that the superposition of stress

waves can improve fragmentation either (Sjöberg et al.

2012; Schill and Sjöberg 2012; Yi et al. 2013).

Knowledge of elastic wave radiation from a pressurized

cylindrical cavity is important for an improved under-

standing of stress wave interaction caused by blasting. The

theory of elastic wave radiation has been investigated by

various authors (Selberg 1952; Eringen and Suhubi 1975;

Miklowitz 1984). Blair (2003) used Miklowitz’s solution to

re-formulate the problem as an inverse fast Fourier trans-

form which enables a fast and efficient solution. Kadioglu

and Ataoglu (2010) solved this problem with reciprocity

theorem. These investigations imply assumptions of infi-

nite length of charge and infinite velocity of detonation.

The radiation of elastic waves produced by a short cylin-

drical charge in a borehole is closer to the blasting process

in reality. Heelan (1953) developed solutions that permit

calculation of displacement time histories at any point in an

infinite medium when a short cylinder is loaded in different

modes. Other analytical solutions were provided by Jordan

(1962) and Abo-Zena (1977). In these works, Heelan’s

solution was criticized for having mathematical inaccura-

cies. However, the Heelan and Abo-Zena models were

found to agree exceptionally well in the far-field (White

1983; Blair and Minchinton 1996). Meredith (1990) stated

that the criticisms of Heelan model were either unjustified

or inconsequential after a detailed discussion on these

criticisms. Blair (2007) compared Heelan and exact solu-

tions and found that the Heelan approximation is not a true

far-field solution because it places restrictions on the fre-

quency content of the source. In addition to Heelan and

Abo-Zena solutions, an exact (full-field) solution was

developed by Tubman (1984), Tubman et al. (1984),

Meredith (1990), and Meredith et al. (1993). These finite

cylindrical charge models imply that the velocity of deto-

nation (VOD) is infinite. The case of a borehole with

infinite length and a finite velocity of detonation was

investigated by Baron et al. (1965), Parnes (1969), Kouz-

niak and Rossmanith (1998), Rossmanith and Kouzniak

(2004) and Simha and Ramesh (2009). In these models, a

moving pressure was used to model the detonation propa-

gation. Blair (2010) proposed an advanced analytical

model of seismic radiation from a column of explosive,

which is derived in terms of the blast hole radius, charge

length and explosive velocity of detonation. Blair (2014)

also investigated blast vibration dependence on charge

length, velocity of detonation and layered media with this

model.

Rossmanith (2002) and Vanbrabant and Espinosa (2006)

described the interaction process of stress waves from dif-

ferent blast holes qualitatively with some assumptions.

These assumptions included that the charge length and the

VOD of explosive are infinite, the rock mass is homoge-

neous, elastic and isotropic and the ground conditions do

not change while the waves propagate and interact. The

purpose of the present paper is to provide quantitative

results for such interaction with similar assumptions. At

first, the stress field of a single blast hole was studied with

the assumptions of infinite charge length and infinite VOD.

Then, the stress fields between two adjacent blast holes and

in the extended line of two adjacent blast holes were studied

according to the theories of stress wave superposition.

2 Stress Field Due to a Single-Hole Shot

2.1 Theoretical Analysis

Assuming a blast hole with radius of a in a homogeneous,

elastic and isotropic rock medium, an impulsive load pðtÞ
represents borehole pressure acting on the borehole wall

when the explosive is initiated. The problem can be sim-

plified as a plane strain problem based on the assumptions

used.

The governing equations of elastic wave in rock medium

for the problem above, including initial conditions and

boundary conditions, can be written in cylindrical coordi-

nates (Miklowitz 1984):

o2u r; tð Þ
or2

þ 1

r

ou r; tð Þ
or

¼ o2u r; tð Þ
C2
pot2

ðr[ a; t[ 0Þ

u r; 0ð Þ ¼ _u r; 0ð Þ ¼ 0 ðr� aÞ
lim
r!1u r; tð Þ ¼ 0 ðt[ 0Þ
rrða; tÞ ¼ pðtÞ

8>>>>>>><
>>>>>>>:

ð1Þ

where u r; tð Þ is displacement potential function, r is the

radii and t is time. Cp is the velocity of P-wave, rr is the
radial stress and pðtÞ is the load on the wall of the blast

hole.

Further, the relationship between the stresses and the

displacement potential function can be written as Eq. (2):

rr r; tð Þ ¼ kr2uþ 2l
o2u
or2

rh r; tð Þ ¼ kr2uþ ð2l=rÞ ou
or

rz r; tð Þ ¼ tðrr þ rhÞ

8>>>>><
>>>>>:

ð2Þ
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where k and l are the Lame constants. t is Poisson’s ratio.
Because Eq. (1) cannot be solved directly, the Laplace

transform method was employed to solve it. After pro-

cessing the Laplace transform on Eqs. (1) and (2), the

displacement potential function, stresses and displacement

can be derived:

uðr;sÞ¼ PðsÞK0ðkdrÞ
ðkþ2lÞFðsÞ

�rr r;sð Þ¼ 2
�
D2r

� �
K1 kdrð Þþ kdK0 kdrð Þ

2=D2að ÞK1 kdað Þþ kdK0 kdað ÞPðsÞ

�rh r;sð Þ¼ �2
�
D2r

� �
K1 kdrð Þþ 1�2

�
D2

� �
kdK0 kdrð Þ

2=D2að ÞK1 kdað Þþ kdK0 kdað Þ PðsÞ

u r; tð Þ¼ ou r; tð Þ
or

¼�PðsÞkdK1ðkdrÞ
ðkþ2lÞFðsÞ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð3Þ
where s is the Laplace transform parameter, kd ¼ s=Cp,

D2 ¼ kþ 2lð Þ=l, FðsÞ ¼ 2kd
�
D2a

� �
K1 kdað Þ þ k2

d
K0 kdað Þ,

K0 and K1 are the modified Bessel functions of the second

kind of 0th order and 1st order, respectively. Because there

is no analytical inversion of Laplace transform for

expressions above, the numerical inversion of Laplace

transform is the only way to proceed. There are several

methods for numerical inversion of Laplace transform

(Cohen 2007) and the Dubner’s method (Dubner and Abate

1968) was employed in this paper.

2.2 Dynamic Responses of the Rock Mass Due

to a Single-Hole Shot

Different borehole pressure functions were proposed to

describe the pressure history at the borehole wall (Trivino

et al. 2009; Blair 2003; Blair and Minchinton 1996; Duvall

1953; Sharp 1942). Blair (2007) proposed the following

equation to account for the pressure history in the borehole:

PðtÞ ¼ PVNðec=nÞnHðtÞtne�ct ð4Þ
where PVN is the (Von Neumann) borehole pressure at the

detonation front produced by the explosive. HðtÞ is the

Heaviside unit step function, n is an integer, and c is a

pressure decay parameter. Values of n in the approximate

range of 3–9 appeared to be representative of much of the

experimental data (Blair 2007). When c ¼ 0:7, n ¼ 3 and

PVN ¼ 14:2 Gpa, the pressure–time history of ANFO

explosive in an 89-mm diameter blast hole in Fig. 4 of

Blair (2003) can be reproduced, see Fig. 1.

To verify the inversion of Laplace transform in this

paper, a case was studied in which the load curve shown in

Fig. 1 acts on the wall of a blast hole with 89 mm diameter

in granite. The P-wave and S-wave velocities in granite

are Cp = 5000 m/s and Cs = 2887 m/s, respectively.

Figure 2a shows the radial stress as a function of time for

various locations (r/a) from the blast hole, and Fig. 2b

shows the results of the hoop stress. The results based on

the Fourier transform (Blair 2003) are also shown in both

figures. Figure 2 indicates that the results from Laplace

transform are in good agreement with the results from

Fourier transform. Here, the compressive stress is negative

and the tensile stress is positive.

The radial stress in the rock mass turns from compres-

sive stress into tensile stress at a certain time, except for the

radial stress at the blast hole wall, see Fig. 2a. The hoop

stress is compressive at the beginning and then transforms

into tensile stress, see Fig. 2b.

3 Stress Wave Interaction Between Two Adjacent
Holes

Two blast holes with 311 mm in diameter (a = 155.5 mm)

are assumed to be positioned at a distance of 60a (about

9.3 m) from one another, which is roughly equal to the

spacing in Demenegas (2008), i.e., L in Fig. 3 is 60a. The

elastic modulus of rock mass is E = 50 GPa, Poisson’s

ratio is t = 0.23 and the density of rock mass is

q = 2700 kg/m3. The load shown in Fig. 1 is applied to the

blast holes’ walls. The delay time between the two adjacent

blast holes is Dt. If Dt\ðL� 2aÞ=Cp, stress waves from

both blast holes will collide between the blast holes. The

stresses at the collision point induced by both blast loads

can be derived from Eq. (2), respectively; then, the stresses

at the collision point can be calculated by superposition of

both stresses. According to the relationship between the P-

wave velocity, elastic modulus, density and Poisson’s ratio,

the P-wave velocity is Cp = 4633 m/s in the rock mass;

hence ðL� 2aÞ=Cp = 1.95 ms. If the delay time of the
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second blast hole is larger than 1.95 ms, the stress wave

from the first blast hole has passed through the second blast

hole before the second blast hole is initiated, so two cases

of Dt = 0 ms and Dt = 1 ms were studied. The interaction

process of both stress waves is important, the time they

meet and the interaction regions should be found. For

Dt = 0 ms, the stress waves meet at the middle of the line

between two blast holes (point A in Fig. 3) at 0.97 ms. For

Dt = 1 ms, the stress waves meet at point B in Fig. 3 at

1.473 ms.

Because the stresses mentioned in Eq. (2) are in a polar

coordinate system, and the stresses induced by different

blast holes are in different polar coordinate systems, they

need to be transferred into Cartesian coordinates. Assum-

ing the Cartesian X-direction along the spacing and the

Y-direction along the burden, the transformed equation can

be written as:

rs ¼ rr cos
2 /þ rh sin

2 /

rb ¼ rr sin
2 /þ rh cos

2 /
ð5Þ

where the X-axis of Cartesian coordinate coincides with

the straight line that connects point A and point B in Fig. 3,

/ is the azimuth in the polar coordinate system. rs is the
stress in the spacing direction and rb is the stress in the

burden direction.

Based on Eq. (5), the stresses at any position can be

calculated when t\ðL� 2aÞ=Cp. The stress histories

induced by a single-hole shot at the collision point for the

case of Dt = 0 ms are shown in Fig. 4. The superposition

stresses have twice the amplitudes of the single blast hole

pulse with no change in shape. The results for the case of

Dt = 1 ms are shown in Fig. 5.

Rossmanith and Kouzniak (2004) presented the particle

velocity after the stress wave interaction. Blair (personal

communication between Blair and Johansson, see Johans-

son and Ouchterlony 2013) argued that fragmentation

should be formulated upon tensile stress considerations

rather than negative velocity considerations. The tensile

stress level in the rock mass due to the stress wave inter-

action was investigated for different delay time cases. The

maximum tensile stress in the spacing and burden direction

between two adjacent blast holes is shown in Fig. 6.

To verify the analytical results, numerical modeling was

carried out for the two blast hole models using LS-DYNA

code. The geometry of the model is similar to Fig. 3. The

diameter of the blast hole is 311 mm and the length of line

L is 58a. The resolution of the element size is approxi-

mately 7 mm. All the boundaries were set as non-reflecting

to remove the spurious stress waves reflected from the

boundaries of the domain. The model was simplified as a

plain strain model according to the assumptions of infinite

VOD and infinite charge length. The rock mass was

assumed as an elastic and homogeneous medium with the

same parameters as mentioned before in this section. The

load shown in Fig. 1 is applied to the wall of the two blast

holes at the same time for the case of Dt = 0 ms. For the

case of Dt = 1 ms, the load is applied to the wall of the

first blast hole and after 1 ms, the same load is applied to

the wall of the second blast hole. The maximum tensile

stresses in the spacing and burden direction from the

numerical model are shown in Fig. 6.

Figure 6 shows that the maximum tensile stress in the

spacing direction from the numerical results is larger than
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that from the analytical results. One of the possible reasons

is that the stress from the numerical results is the stress in

elements while that from the analytical results is the stress

at a point. The maximum tensile stress in the burden

direction from the numerical results and the analytical

results are close. The numerical results and the analytical

results show the similar trend. Figure 6 also indicates that

the tensile stress superposition only takes place in a local

zone around the collision point of two stress waves. This is

because the duration of the blasting load is short and,

therefore, the stress history of the particle is short. Con-

sequently, the interaction time of two stress waves is short.

The results show that the interaction scope is less than

4a under the conditions given in this paper. The qualitative

analysis results imply a long interaction time, which

implies the blast load duration is long. Figure 6 also shows

that the superposition of the tensile stress in the burden

direction has little influence on the tensile stress

distribution.

4 Stress Waves Interaction at the Extended Line
of Two Adjacent Holes

Vanbrabant (personal communication between Vanbrabant

and Johansson, see Johansson and Ouchterlony 2013)

suggested a stress wave interaction model in the extended

line which describes how the ‘‘tensile’’ tails overlap. His

model implies that the compressive part and the tensile part

of a stress wave have different velocities in the rock mass.

If the delay time is long, the wave front of the stress wave

from the first blast hole has propagated through the second

blast hole before the explosive in the second hole is initi-

ated. Assuming that the influence of the second blast hole

on the propagation of the stress wave from the first blast

hole can be neglected, after the initiation of the second

hole, two stress waves may interact at the extended line of

two adjacent holes if an appropriate delay time is used.

A sketch of three blast holes is shown in Fig. 7; here, the

hole spacing is the same as that in Fig. 3.

According to the analysis above, no stress wave inter-

action occurs if Dt = 3 ms; the case of Dt = 2 ms was

studied. Based on the analysis in the previous section, the

stress in the burden direction decreases dramatically with

the increase of distance to the hole; therefore, only the

stress in the spacing direction was studied. The maximum

tensile stresses with and without stress wave superposition

in the spacing direction at the extended line are shown in

Fig. 8.

Figure 8 indicates that when the delay time is 2 ms, the

maximum tensile stress in the spacing direction between

the second hole and the third hole is larger than the tensile

stress induced by a single blast hole. This result is based on

the assumption that the second blast hole does not affect

the propagation of the stress wave from the first blast hole.

Numerical modeling was carried out to investigate the

influence of the second blast hole on the propagation of

stress waves using LS-DYNA code. The geometry of the

model is shown in Fig. 9. The diameter of the blast hole is

311 mm and the length of lines for L1 and L2 is 58a. The

element size, the boundary conditions and the properties of

the rock mass are the same as those in Sect. 3. The load

shown in Fig. 1 is applied to the wall of the first blast hole

and after 2 ms, the same load is applied to the wall of the

second blast hole. The distributions of rs at 2 and 2.1 ms

are shown in Fig. 10. Figure 10 indicates that the existence

of the second blast hole has influence on the propagation of

the stress waves from the first blast hole. The maximum

tensile stress in the spacing direction (rts) at the line L1

before 2 ms and that at the line L2 after 2 ms are shown in

Fig. 11. The maximum rts at the line L1 can be taken as the
stress induced by a single-hole shot while the maximum rts
at the line L2 is the stress after the stress wave superpo-

sition. Figure 11 indicates that the maximum rts at the line
L2 decreases before 35a compared to the maximum rts at
the line L1. After 35a, the maximum rts is slightly greater
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at the line L2 than at the line L1. The results of numerical

modeling are quite different from the analytical results,

indicating that the influence of the second blast hole on the

propagation of stress wave from the first blast hole cannot

be neglected.

5 Discussion and Conclusions

Essentially, for two waves to interact between two adjacent

blast holes, the delay time between the holes should

roughly satisfy the condition of Dt\ðL� 2aÞ=Cp þ T ,

where T is the duration of blasting load and is generally

very short. In practical engineering, the value of Cp is

generally larger than 3000 m/s. The spacing of two
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Fig. 7 Sketch of three blast holes

0 5 10 15 20 25 30 35 40 45 50 55 60
0.0

0.2

0.4

0.6

0.8

Distance (mm)

×a

σ ts
(G

Pa
)

After superposition
Single blasthole

Fig. 8 Maximum tensile stress in the spacing direction at the

extended line when Dt = 2 ms
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adjacent blast holes is decided by the size of the blast hole

and geology of the blasting area. For the blast hole with a

diameter of 311 mm, the spacing is within the range of

8–10 m generally. The minimum delay time of an elec-

tronic detonator is 1 ms, and the range of delay time is

about 0–4 ms for stress waves interaction between two

adjacent blast holes. The smaller the diameter of a blast

hole is, the smaller the spacing is and, therefore, the

smaller the range of delay time for stress wave interaction

is. If the stress wave interaction occurs, the analytical

results in the paper indicate that an increase in tensile stress

only takes place in a very small zone around the collision

point of two stress waves.

Supposing the stress waves interact at the extended line

of the two blast holes, the delay time should satisfy the

condition of ðL� 2aÞ=Cp þ T\Dt\L=Cp þ T which is

also a small range. For example in Sect. 4, if the delay time

is 3 ms instead of 2 ms, there is no stress wave interaction.

Because the potential initiation deviation of electronic

detonators is 1 ms, it is hard to ensure the occurrence of

stress wave superposition in an expected manner.

Although the analytical results in Sect. 4 indicate that

the superposition of stress waves increases the tensile stress

at the extended line of two adjacent blast holes compared

to a single blast hole shot, the numerical results indicate

that this premise is not reasonable and yield contrary

results. The analysis in the present work indicates that it

would be impossible to improve fragmentation via stress

Fig. 10 Distribution of rs at different times
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L1 and L2 when Dt = 2 ms from numerical modeling
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wave interaction. Some reported results which argued that

very short delay times induced an improved fragmentation

because of stress wave interaction could be resulted from

other factors.

The blasting model used in this paper is based on the

assumptions used in qualitative analyses (Rossmanith 2002;

Vanbrabant and Espinosa 2006). Two main limitations of

this model are the assumptions of infinite charge length and

infinite VOD, which simplify the model as a plane strain

model. S-waves are neglected in this model because of the

plane strain simplification. Analysis from Heelan (1953)

indicates that a relatively large amount of radiated energy

goes into S-waves while the rest of it goes into P-waves

during blasting. The assumptions used in the paper result

into that all energy goes into P-waves, which could induce

large compressive stresses and tensile stresses in the rock

mass compared to those models which take S-waves into

account. Advanced blasting models such as the model pro-

posed by Blair (2009, 2010) could produce more reasonable

results for stress wave interaction investigation. Numerical

method with advanced material models and three-dimen-

sional model is an alternative for this problem as well.
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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-
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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 



Fragmentation by Blasting through Precise Initiation: Full Scale Trials at the Aitik Copper Mine  | 89

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

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).
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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.



 
 

 

 
 
 

Appended Paper C 

 
 
 
 
 
 
 
 
 
 
 
 
 

“Adjusting Initiation Direction to Domains of Rockmass 
Discontinuities in Aitik Open Pit Mine” 

Beyglou, A., Schunnesson, H., Johansson, D. and Johansson, N. In 
Proceedings of the 11th International Symposium on Rock Fragmentation by 
Blasting: Fragblast11, Sydney, AusIMM, pp. 385–391.



 
 

  



11TH INTERNATIONAL SYMPOSIUM ON ROCK FRAGMENTATION BY BLASTING  /  SYDNEY, NSW, 24–26 AUGUST 2015 1

INTRODUCTION

At the heart of any open pit operation lies blast-induced 
fra entation  hich stron ly in uences the ef ciency of 
downstream processes. Any effort towards optimisation of 
such operations should revolve around fragmentation as a 
key factor. On the other hand, fragmentation is a result of 
complex interactions between several parameters. Rock mass 
characteristics, explosive properties, blasting geometry and 
timing se uence are the fundamental factors that in uence 
fragmentation. ach of these in uencing factors consists of 
various parameters that all affect the fragmentation in one 
way or another.

From a practical engineering point of view, it is important 
to identify and rank the most in uential parameters in order 
to utilise them for fragmentation optimisation. In order to be 
practically implemented in a mine it is important that these 
parameters have a signi cant effect, are easily applicable and 
have little complexity.

Among the mentioned factors, rock mass is the only 
uncontrollable parameter. Explosive properties, blasting 
geometry and timing of the blasts should be adapted to the 
hosting rock, which in turn de nes the fragmentation as a 

response to the blast set-up. onse uently, a rst step towards 
operation optimisation is to gain practical understanding of 
the rock mass and its response to different blasting set-ups.

Several studies have shown that the structural nature of 
the rock mass is of utmost importance for fragmentation. 
Lilly (1986, 1992) introduced a blastability index in which 
weighted rating values were used to describe the resistance 
of a rock mass to blasting. The structural nature of the rock 
is the most important factor in this index as it is heavily 
weighted towards the orientation and spacing of weakness 
planes (joints) in the rock mass. Lilly’s blastability index was 
incorporated as the rock factor in the blast fragmentation 
models such as the KCO model (Ouchterlony, 2005), which 
is an improvement over the Kuz-Ram model (Cunningham, 
1987). Through pilot blasts in quarries, Dolgov (1976) 
investigated the in uence of jointing on rock mass breakage  
he also stated that in blasting of jointed ledge rocks the degree 
of breakage is mainly determined by the jointing of the rock 
mass, not by the strength of the rocks. Several attempts have 
been made to link the in situ block size distribution (IBSD) to 
the blasted block size distribution (BBSD) by means of Bond’s 
comminution theory and blasting energy (Widzyk-Capehart 

Adjusting Initiation Direction to 
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in Aitik Open Pit Mine
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ABSTRACT

As demand for optimisation of mining processes increases, more attention is drawn to blast 
performance and fragmentation improvement. Fractures and discontinuities are among the most 
in uential factors in blast results, therefore one of the initial steps towards blast optimisation is 
to gather information about the rock mass and integrate it in blast design. This paper presents a 
method for assessment of rock mass discontinuities and integrating it in production blasts in the 
Aitik open pit copper mine in Sweden.

3D photogrammetric techniques were utilised to map discontinuities and distinguish domains of 
similar geologic structures in the pit. As a pilot study for a future campaign, four different initiation 
directions were tested through six pilot blasts in one of the domains. The results were compared 
in terms of swell and loading ef ciency of rope shovels to identify the correlation between blast 
performance and initiation direction compared to major discontinuity families.

It was established that in the trial domain, blasts initiated towards north or north-west yielded 
larger swell and better performance of loading. Comparing these blasts with discontinuity families 
show that there is a correlation between blast performance and initiation direction according to the 
dip and strike of these discontinuities. Such knowledge can be used for future blasts in the same 
domain to increase long-term operational ef ciency through slight modi cations in drill pattern 
and initiation design.
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and Lilly, 2002  Latham, unjiza and Lu 1999  Latham and 
Lu, 1999  Da ama, 1983). All these works emphasise the 
signi cant in uence of structural features of the rock mass on 
fragmentation by blasting. However, implementing the results 
from such studies into routine production tasks in large-scale 
open pits is practically challenging. This is mainly due to the 
large variations in geological structures throughout a large 
open pit. The dynamic nature of an open pit environment and 
continuous mine expansions introduce practical dif culties 
in de ning a generic model for in situ fracture systems in 
operational open pits as well.

On one hand, previous research has demonstrated the 
signi cant in uence of rock mass structures for fragmentation, 
and consequently productivity. On the other hand, the 
complications and variations associated with structural 
geology and its effect on blasting complicates implementation. 
In order to take advantage of natural fractures in the rock 
mass to improve fragmentation, it is important to provide a 
simpli ed understanding of the rock mass and then implement 
it in different operational tasks. One of the simplest ways to 
integrate rock mass structure in drill and blast operations is 
through improvements to the geometric design of the drill 
and blast, including blast shape, spacing and orientation 
of drill patterns, and initiation direction. This can lead to 
fragmentation improvements that, although marginal, can still 
result in noticeable increases in long-term productivity.

This paper presents a procedure, and tests how the geologic 
fracture systems in Aitik open pit copper mine, Sweden, 
have been used in blast design to optimise fragmentation. 
In the mine, two main domains of discontinuities have been 
identi ed and six pilot tests have been conducted in one of the 
domains to evaluate the effect of drill pattern orientation and 
initiation direction on blast performance in terms of swell and 
loading ef ciency.

FRACTURE ASSESSMENT IN THE AITIK MINE

Aitik Mine
The Aitik open pit copper mine, owned and operated by 
Boliden ineral AB, is situated about 60 km north of the Arctic 
Circle in northern Sweden. The mine has been in operation 
since 1968  it currently is 3 km long, 1.1 km wide and 50 m 
deep. Despite the low grade of the ore (0.22 per cent copper), 
the annual production of ore in Aitik reached more than 37 t 
in 2013, yielding about 71 kt of copper, 5  t of silver and 2 t of 
gold.

The Aitik deposit consists of metamorphosed plutonic, 
volcanic and sedimentary rocks  the local geology of the open 
pit is illustrated in Figure 1. The orebody, dipping about 5  
to the south, is surrounded by shear zones. The mining area 
is divided into three main zones  the footwall, on the north, 
mainly consists of biotite gneiss and diorite. The hanging wall, 
on the south, consists of amphibolite gneiss. In the middle lies 
the ore zone, consisting of biotite gneiss, biotite schist and 
muscovite schist with pegmatite dykes occurring in the zone.

Rock mass discontinuities in and around Aitik have been 
studied by Call, Nicholas and Savely (1976) and West et al (1985). 
These studies are the basis for wall stability and slope design 
in the Aitik mine. However, these studies were speci cally 
aimed for rock mechanical purposes and were not utilised in 
production blasting due to their complex nature. In addition, 
continuous expansion of the pit has exposed new domains 
that are not included in previous studies. Consequently, 
a substantial need for additional structure mapping was 
identi ed and a mapping campaign was initiated in order to 

study the fracture systems in the pit and to implement them in 
the production tasks, ie drilling and blasting.

Structural mapping
Previous studies regarding geologic discontinuities in Aitik 
(Call, Nicholas and Savely, 1976  West et al, 1985) were 
conducted using conventional mapping techniques, ie cell 
mapping, line mapping and oriented cores. These methods, 
although insightful, are rather time consuming and limited 
in terms of accuracy and sampling span. Current off-the-shelf 
tools and techniques for mapping exposed faces of the rock have 
superior potential in terms of ease and practical convenience. 
Joint mapping by use of Lidar scans and photogrammetry are 
two of the most recent techniques, of which photogrammetry 
was chosen for this study, due to comparatively shorter 
process times and its straightforward mapping procedure.

Photogrammetry or stereoscopic imaging is an established 
technique for mapping features of exposed faces in a fast and 
safe manner. The technique utilises image acquisition from 
two positions with scales and reference points on the face. 
The overlapping 2D image pairs are later processed and a 
3D surface is reconstructed. This is used to easily mark and 
extract the spatial position, dip, dip direction, length and 
exposed area of discontinuities. Blast etri 3D  package, 
by 3 S , was used for face mapping. A series of standard 
procedures were de ned and followed in order to ensure 
systematically accurate measurements. The exposed faces 
were chosen based on visibility, access to the face, safety and 
quality of features on the face. In total, 110 useable image pairs 
were acquired and processed in order to de ne domains of 
similar discontinuities in the pit. The reconstructed faces were 
spread in different elevations along the hanging wall and into 
the margins of the footwall as to these areas are included in 
production blasts. Figure 2 presents a scheme of the spread of 
mapped faces in the pit.

Each face was marked in length and was limited to one bench 
height, ie 15 m. All faces were photographed with two scales 
of 2.35 m in length with an approximate distance of 35 m from 
one another. Consequently, each image pair reconstructed an 
area approximately 0 m  15 m on the face. Several reference 
points with centimetre precision were marked on each face 
and recorded.

The image pairs were rst used to reconstruct 3D images, 
which were then scaled by use of marked scales on the 
face and were positioned at the exact coordinates using the 
reference points. Coordinates from all scaling markers and 
reference points were used in the process to ensure a well-
positioned, well-oriented surface. Since the most important 
characteristic of the 3D images is the accuracy of their spatial 

FIG 1 – Local geology at level -200 m with the 

surface outline of the Aitik open pit.
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orientation with respect to the actual face, each 3D image was 
compared against Lidar scans of the pit to avoid inaccuracies 
in coordinates and orientation of faces.

The 3D images were then analysed manually and 
discontinuities were marked on the face in the software. 
Analysis of all images was conducted by only one user, 
following standard guidelines. The guidelines were de ned 
to ensure that only large natural fractures were included in 
the analysis and all blast-induced cracks were omitted. A 
sample of the analysed 3D image and its corresponding result 

is presented in Figure 3. As seen, each 3D image yields a 
spherical projection of all features on the face, which can be 
clustered into structure families (joint sets).

Identifying domains
Detailed results of each face include coordinates ( ), dip, 
dip direction, length and exposed area of all discontinuities 
marked on the face with their corresponding clusters. Due 
to large number of 3D images, the implemented clustering 
module of the software could not be used to identify families 
of discontinuities in the entire pit. An iterative approach 
was instead used to identify domains of similar structures 
by taking into consideration the dip, dip direction and 
coordinates of the discontinuities.

Computer codes were developed to iteratively extract 
clusters of each face, one by one, and compare them to all 
clusters from faces in close proximity. The two clusters 
were merged if the average dip and dip direction of them 
were within a 15  tolerance. Subsequently, all clusters 
in all faces were merged into large joint sets with their 
corresponding area of validity in  plane. In other words, 
each joint set was assigned an area in the pit where the set 
had been observed. Table 1 summarises the identi ed joint 
sets in the mapped regions. The sets were named according 
to their respective dip angles and characteristics, ie high-
angle (HA), middle-angle foliation ( AF), at angle (FA) 
and cross-joint (CRJ).

Each set in Table 1 corresponded to a certain region along 
the pit walls  based on the boundaries of these regions, 
two domains of similar structures were de ned. Figure  
illustrates a schematic view over the deduced domains in 
the pit.

The domains were also benchmarked against previous 
studies, lithology of the area, and large-scale geologic 
features, eg faults and shear zones, to con rm the boundaries. 
Although the domains were simpli ed as much as possible, 
the complexity of the geologic structure in each domain did 
not allow for an engineering deduction regarding the most 
favourable blast direction. In order to take advantage of the 

natural fractures in each domain and implement them in 
production, one had to de ne a singular direction according 
to which the drilling pattern and initiation direction should 
be adjusted.

FIELD TRIALS

In order to identify the most favourable orientation for drill 
pattern and initiation direction in each domain, a campaign 
of eld trials is planned for the spring 2015. The campaign 
will include 13 full-scale trial blasts in similar geological 
conditions, followed by extensive follow-up on post-blast 
fragmentation and productivity of downstream processes. 
In addition to the main campaign, six pilot trials were 

FIG 3 – (A) Example of a mapped face by photogrammetry 

technique; (B) sample results from one face.

A

B

FIG 2 – Outline of the pit and spread of 110 

mapped faces indicated by thick lines.

FIG 4 – Division of the pit into two domains and their 

corresponding discontinuity structures; due to the lack of 

mapped faces, the footwall is excluded from the domains.
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conducted in 201  to check whether a signi cant effect can 
be observed by varying orientation of blast pattern and 
initiation direction. In this paper the results from the pilot 
trials are presented. The results from the main campaign 
will be reported accordingly.

Pilot trial set-up
The pilot trials were conducted at level -225 m in the northern 
part of the pit, which mainly consists of Hornblende banded 

neiss, uscovite Schist and Biotite neiss with few dykes of 
Pegmatite within the test area. Figure 5 illustrates a scheme 
of the blasts and their corresponding local geology. Despite 
the slight variations in lithology, the blasts are situated within 
one discontinuity domain and the joint sets within the blasts 
were identical. Additionally, in order to monitor any variation 
in the results due to lithology, blast P  was assigned a set-

up identical to its neighbouring blast, P3. Blast P6 was also 
given similar set-up as P5 for the same reason. The initiation 
directions for trials were chosen according to practical 
limitations in the area, eg avoiding initiation towards the 
walls or the centre of the pit.

Table 2 summarises the blasting set-up in the pilot trials. 
Burden, spacing, drill depth, explosive and stemming in all 
blasts were kept as consistent as possible. Due to practical 
limitations, however, there were some unavoidable variations 
in actual drill depth, mass of explosive and length of 
stemming. These variations were considered and presented 
as variations in average speci c charge in Table 2. All holes 
were charged with similar boosters and emulsion explosive. 
For initiation, Nonel  system was used and a linear row-by-
row sequence was assigned to all blasts. Inter-row and inter-
hole delays were kept constant in all trials.

Since the fracture systems in all blasts were similar, the only 
parameters varied in blasts were the horizontal orientation 
of drill pattern and direction of initiation. The white arrows 
in Figure 5 point out the orientation of the drill pattern 
and initiation direction for trials. The initiation directions 
are considered as the throw direction of blasts along their 
corresponding burdens.

The initiation directions are compared to strike and dipping 
direction of the joint sets in the region and presented in 
Table 3. The presented values correspond to the acute angular 
difference between the initiation direction and the strike of the 
joint set. The directions are also compared to the dip direction 
of the sets and noted as either ‘with the dip’ or ‘against the 
dip’. For the sake of simplicity, all discontinuity planes in the 
subvertical joint sets, ie HA1 And HA3, are assumed vertical 
and the direction of initiation is only compared to the strike 
of these joint sets.

Set Dip (°) Standard deviation Dip direction (°) Standard deviation Spacing (m) Number of observations

HA1 88 3.8 75 8.3 2 383

HA2 79 7.4 36 11.5 2.4 201

HA3 87 7.6 1 8.1 1.9 170

HA4 84 6.4 327 12.1 2 145

MAF 46 8.4 183 12.5 2.1 328

CRJ 45 8.9 358 13.4 2.1 104

FA 19 7.5 185 30.7 2.1 72

TABLE 1

All identified discontinuity families in the mapped domains.

Blast Volume (m3) Hole diameter 

(mm)

Number of 

holes

Specific 

charge 

(kg/m3)

Burden × 

spacing 

(m × m)

Inter-row 

delay (ms)

Inter-hole 

delay (ms)

Blast 

direction 

azimuth

P1 233752

311

220 0.95

7.5 × 9.5 176 42

345

P2 306387 298 0.97 130

P3 345245 326 0.98 170

P4 310210 293 0.98 170

P5 340451 297 0.96 300

P6 292982 257 0.99 300

TABLE 2

Specifications of the trial blasts.

FIG 5 – Scheme of the trial blasts, their initiation direction, local 

geology and identified discontinuities in the trial region.
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Evaluation method

The 13 blasts included in the main trial campaign are planned 
to be extensively measured using various methods and 
techniques. However, since the presented blasts correspond 
to pilot trials, the results were evaluated using data normally 
collected by mine’s measurement systems. As the trials 
consisted of only waste rock, no information on ef ciency of ore 
crushing was available. The information used to compare trials 
was volumetric swell factor and loading ef ciency in terms of 
buckets per truck and weight per bucket for rope shovels.

Swell
Trial blasts were all scanned by a Lidar system before and after 
blast. The scans provided an easy-to-use measure for blast 
performance by extracting the volumetric swell after blast.

In order to avoid any bias introduced by fallen material at 
the edges and contours, a constant rectangular area of 1200 m2 
at the centre of each blast was considered as representative 
for swell. In such way the swell was evaluated far from the 
corners of the blasts and the throw at the edges of the blasts 
were omitted from calculations as well as contour regions. 
Additionally, all blasts were red in con ned conditions with 
loose material lying at the toe, ie buffer blasting, to avoid 
different heave and throw conditions.

The swell factors for the blasts were simply calculated by 
dividing post-blast volume by preblast volume at the centre-
most part of the blasts. The representative area of swell was 
identical for all blasts, thus the effect of variations in shape 
and volume of blasts were eliminated.

Loading efficiency
As no direct measurement on blast-induced fragmentation 
was conducted, the performance of trial blasts were instead 
evaluated by the ef ciency of loading, a direct downstream 
task after blasting. For that purpose, the data from all rope 
shovels were extracted from the CAT® inestar  system. 
Since the eet in Aitik consists of different varieties of rope 
shovels and trucks, different lters were applied to the data 
in order to achieve an appropriate comparison between 
blasts. The performance of loading was evaluated in terms of 
number of buckets per truck and weight of loaded material per 
bucket. The rationale behind this is that larger bucket weights 
and smaller number of buckets to fully load the trucks lead to 
higher ef ciency of loading and less costs in long-term.

For the number of buckets per truck, the data was ltered to 
include identical rope shovels loading only one similar type 
of truck, ie P H 100C shovels loading 227-t CAT 793 trucks. 
The trucks are usually loaded to the full capacity by three to 
four buckets. Therefore, the trucks loaded with less than three 
buckets were considered under-loaded and were ltered out. 
Additionally, the trucks loaded with more than ve buckets 
were also omitted due to uncertainties regarding the event-logs.

The mean weight of material loaded into each bucket was 
also calculated for the P H 100C rope shovels with bucket 
capacity of 81.7 t. However, this measure was intended to 
represent the ll factor for the fully loaded buckets, so only the 
second and third buckets in each loading cycle was included 
in the analysis. In such way any uncertainty regarding the ll 
factor of the rst bucket was eliminated, as well as the fourth 
and fth buckets, which are usually under-loaded.

Discontinuity set

HA1 HA3 MAF CRJ

AAD DIR AAD DIR AAD DIR AAD DIR

Direction of 

blast

P1 0

Vertical dip

75

Vertical dip

70 Against the dip 77 With the dip

P2 35 39 36 With the dip 43 Against the dip

P3 5 79 77 With the dip 84 Against the dip

P4 5 79 77 With the dip 84 Against the dip

P5 41 33 30 Against the dip 37 With the dip

P6 41 33 30 Against the dip 37 With the dip

AAD – acute angular difference between initiation direction and strike of the joint set in degrees; DIR – direction of blast compared to the dip direction of joint set.

TABLE 3

Initiation direction of trial blasts compared to orientation of major discontinuity families present in the domain.

Blast P1 P2 P3 P4 P5 P6

Mean bucket weight (t) 72.20 70.00 69.83 69.94 70.61 71.24

Standard deviation 8.65 7.96 8.06 5.42 5.49 6.23

Count of load cycles 841 933 728 1193 565 667

Mean buckets per truck 3.14 3.35 3.63 3.64 3.23 3.21

Standard deviation 0.37 0.52 0.59 0.59 0.43 0.43

Count of load cycles 934 1347 1644 2793 717 817

Preblast volume (m3) 17 923 16 558 16 066 15 725 16 620 17 395

Post-blast volume (m3) 24 929 22 059 21 688 21 140 22 599 24 032

Swell factor 1.39 1.34 1.35 1.34 1.36 1.38

TABLE 4

Results in terms of swelling and loading efficiency.
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Finally, in order to control the effect of operator performance 
on loading ef ciency, the values for mean weight per bucket 
were compared between 10 operators who had loaded similar 
trucks by similar shovels in all trial blasts.

RESULTS AND DISCUSSION

Table  presents the results for the six trial blasts. The mean 
weight per full bucket, number of buckets per truck and 
volumes for representative areas on the blasts and their 
corresponding swell factors are listed.

The swell factors for trial blasts are plotted in Figure 6, 
which shows the largest swells were observed in P1 and P6 
while P2, P3 and P  show lowest swell factors. The mean 
values for bucket weight and number of buckets per truck are 
plotted in Figure 7.

The blasts follow a logical pattern regarding swell and ease 
of loading. P1 and P6 show the best performance, having the 
largest swell, largest bucket weights and least buckets per 
truck. P3 and P , on the other hand, show least swell and 
loading ef ciency with almost identical values for all factors. 
P2 also shows comparatively poor performance with slight 
variations from P3 and P . However, P5 shows comparatively 
good performance, with slight variation compared to P6.

In order to control whether different operators had performed 
differently, the mean bucket weights are cumulatively plotted 
for ten operators who had worked on the same rope shovels 

on all blasts (Figure 8). Each line on the graph corresponds 
to an individual operator working on all six trial blasts. The 
graph shows consistent variations between blasts for all 
operators. The stacked diagram indicates that most of the 
operators performed slightly poorer on P3 and P , leading to 
signi cantly lower cumulative values. It also shows that the 
best performance for all operators belongs to P1, followed by 
P6 and P2, which is in agreement with the results in Figure 7.

To compare the results visually, feature scaling method was 
used to obtain comparative indices for the mean values of 
bucket weight, buckets per truck and swell factor. The indices, 
intended only for subjective comparison, are plotted in a 
polar diagram at their corresponding blast direction azimuth 
and presented in Figure 9a. The identi ed discontinuity 
sets from Table 1 are also plotted in Figure 9b. The graph in 
Figure 9a simply indicates that the blasts initiated towards 
NW performed comparatively better than those initiated 
towards SE in terms of bucket weight, buckets per truck and 
swell. A comparison between the two plots in Figure 9 reveals 
that P1, P3 and P , which were all initiated along the strike 
of HA1, show contradictory performances depending on 
the direction of initiation compared to dip direction of AF 
and CRJ sets. The best blast performance was achieved when 
blasts were initiated with the dip of CRJ and against the dip 
of AF. Likewise, P2, P5 and P6 share a similar strike, ie 
approximately 0  from both HA1 and HA3  however, P5 and 
P6, which were initiated with the dip of CRJ and against the 

AF, resulted in comparatively better performances.
Consequently, one can observe that among the six trial blasts 

with four initiation directions, the two directions that extend 
with the dip of CRJ and against AF show better performance. 
Additionally, a comparison between P1, P5 and P6 shows that 
the direction of P1, which makes an approximately vertical 
angle with HA3, yielded better performance compared to P5 
and P6, which were red at a 0  angle from strike of HA3.

CONCLUSIONS

One can conclude that in the rst domain in the pit, where the 
trials were conducted, initiation towards south and south-east 
should be avoided. Higher loading ef ciency can be expected 
from initiation towards north or north-west. On the other 
hand, it can be argued that the observed parameters, ie bucket 
weights and buckets per truck, only show small or even 
marginal variations. It is, however, worth mentioning that 
despite the slight numerical variations in bucket weights and 

FIG 7 – Mean weight of full buckets and mean number 

of buckets per truck plotted for the trials.

FIG 8 – Cumulative mean bucket weights for ten operators who 

had worked on similar rope shovels on all trial blasts.

FIG 6 – Swell factor of the trials at the representative central area of blasts.
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mean number of buckets per truck, their effect on long-run 
productivity is signi cant. Also, the results are extracted from 
large numbers of load cycles, so one tonne increase in the mean 
bucket weight yields thousands of man-hours and machine-
hours in long-term production of such large-scale open pits. 
Therefore these pilot tests show that a careful adaptation 
of blast directions in relation to dominant discontinuity 
directions may have a signi cant impact on productivity.

The results from this pilot study require completion and 
con rmation through the main campaign during 2015, which 
consists of 13 blasts in the same domain as the pilot trials. 
Complete fragmentation analysis and extensive follow-ups 
are planned for the ef ciency of all downstream processes 
during the campaign as well as follow-ups on wall damage 
and back break. The results from this campaign can lead 
to more solid conclusions regarding the effect of initiation 
direction on ef ciency of the operation, it will also shed some 
light on the question whether initiation direction in different 
discontinuity domains can in uence the long-term ef ciency 
of the operation or not.
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Target Fragmentation for Efficient Loading and Crushing – the Aitik Case 

A. Beyglou*, D. Johansson* and H. Schunnesson†  

* Swedish Blasting Research Centre, Luleå University of Technology, Sweden 
† Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, Sweden 

Blast-induced fragmentation has an enormous influence on the operational efficiency of open 
pit mines, especially on loading and crushing as the two immediate tasks after blasting. This 
study presents an empirical method to determine the target fragmentation for efficient loading 
and crushing at the Aitik mine in Sweden. In the study, the loading efficiency of rope shovels 
was correlated to the energy consumption and throughput of a gyratory crusher. Two 
photographic techniques were utilised to assess the feed fragmentation, considering the 
lithological origin of the ore as an indicator of hardness. The results indicate ore hardness is 
most influential in mid-range fragmentation with marginal effect in coarser fragmentations. The 
influence of fragmentation is more pronounced in the coarse region, with a sudden reduction 
in efficiency for P80s coarser than 800 mm. The results suggest tailoring the fragmentation to a 
P80 of 600–800 mm could lead to higher operational efficiency at Aitik. 

Keywords: open pit, fragmentation, loading, crushing, energy, efficiency 

1. Introduction 

Energy efficiency in operations is key to achieving sustainability in the mining and metals sector. On 
the one hand, negative environmental aspects of inefficient energy consumption and their 
consequent costs enforced on mining companies are driving the industry towards leaner and more 
responsible operations. On the other hand, high prices of energy, volatile markets and falling 
commodity prices put pressure on mines to cut costs and optimise their operations as a whole. 
Consequently, increasing efficiency has become a priority in many base and precious metals mines. 

A great deal of the total energy consumption in most mine sites can be traced to 
comminution, the process of reducing the size of rock particles to extract their valuable components. 
Despite differences in their quantitative figures, most studies agree milling, i.e. crushing, grinding and 
separation, is the largest consumer of energy [1,2]. Although the energy, and eventually costs, for 
each unit operation is site-specific, the figures suggest a more or less equal share in costs for mining 
and milling processes. Curry et al. [3] evaluated the total costs of 41 open pit operations and found 
that around 40% of the total costs of mines correspond to operational mining activities, while milling 
typically accounts for 49%. Therefore, any improvement in the efficiency of either the mining or the 
milling operation contributes to the overall economy of the industry. There is, however, a 
fundamental difference between the two; the process optimization in the mine revolves around 
blast-induced fragmentation as the final deliverable of the mine to the crusher, while the crusher 
product is the initial input for the mill. Such a distinction defines the crusher as the link between the 
mine and the mill. It also signifies the necessity to assess the downstream effects in a step-wise 
manner along the comminution process, i.e. direct influence of run-of-mine fragmentation on 
loading and crushing, before the next comminution stage. 

This study examines the influence of fragmentation on loading and crushing in mines. The 
goal is to define an optimum range of fragmentation to yield maximized productivity in these two 
processes. Such information can be implemented in future models to evaluate the overall influence of 
fragmentation on the entire mining process, thus helping to improve operations. The study observed 
a gyratory crusher for 20 days and used digital images of the crusher feeder to assess the 
fragmentation of each truck cycle, both quantitatively and qualitatively. The fragmentation was then 
correlated to ore type and efficiency to evaluate its margins of influence on loading and crushing. 
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2. Background 

From a mine-to-mill point of view, blasting is a key point in the comminution chain. The 
procedures before blasting determine the level of fragmentation and uniformity of particle size 
distribution. This, in turn, dictates the efficiency of subsequent tasks in the operation, including 
loading and crushing. The effects of fragmentation are first seen in loading; no matter what type of 
machinery is used, fragmentation plays a leading role in loading efficiency. A well-swollen muckpile 
with a fragmentation tailored to the type and size of the machinery will yield much smoother and 
more efficient loading than an inconsistent and disproportionately fragmented muckpile [6–9,11,13]. 

The efficiency and productivity of loading equipment have been studied extensively, 
especially for electric rope shovels. However, because several qualitative and quantitative descriptors 
are also associated with loading, it is difficult to determine the individual influence of any one of 
these on efficiency. For example, loading is influenced by fragmentation, make and design of loading 
equipment, operator proficiency, loading trajectory, swell and muckpile shape and looseness [4–10].  

Early studies on electric shovels attempted to correlate digging performance of shovels to 
muckpile fragmentation by using time-studies combined with logs of voltage and current in hoist 
and crowd motors of rope shovels [5,10–11]. Dipper fill factor, dipper payload, dig rate and 
frequency of dig cycles have also been used as performance indicators for rope shovels [12–13]. 

According to Hendricks [5] and Onderra et al. [13], dig cycle times are not specifically 
related to digging effort or fragmentation. But digging trajectory, which depends on operator skills, 
has a great influence on shovel performance. Using geostatistics and data from monitoring systems, 
Halatchev and Knights [12] showed basic Key Performance Indicators (KPIs) such as shovel payload 
can be used to evaluate digging performance and muckpile properties. Based on 20 production blasts 
in two open pits, Sanchidrian et al. [14] developed a model for loader productivity which took into 
consideration the rock strength and density, as well as explosive energy and dipper capacity. Hansen 
[15] reported measurements of dipper payload for improving shovel performance as well. Patnayak et 
al. [10] confirmed the large variability in performance indicators and underlined that these studies 
should be conducted over larger number of load cycles to yield meaningful results. All these studies 
emphasize the complexities involved in assessing loading performance. Operator dependence and 
variability in muckpile conditions have not yet allowed researchers to find a solid correlation of 
muckpile properties with loading efficiency, but it is possible to evaluate loading performance by 
statistically assessing basic KPIs over a large number of load cycles. 

The next step in the production chain is primary crushing. This is the second mechanical 
breakage step after blasting; it prepares the run-of-mine ore for further processing in the mill. 
Crushing typically consumes much less energy than grinding, but it still accounts for a large portion 
of energy costs in a typical mine operation, and its product has an enormous influence on 
downstream processes [1,16]. 

Gyratory crushers play an important role in large-scale mines as primary crushing units. As 
crushing is the link between the mine and the mill, it has two-fold potential for process 
improvement. Crushing efficiency is determined not only by the design and operational factors of 
the crusher itself, but also by characteristics of the run-of-mine feed. Therefore, any effort to 
improve the energy efficiency of crushers must consider both factors, not to mention the 
requirements for the crusher’s product [17–18]. 

The power drawn by gyratory crushers depends on many factors, including size distribution, 
hardness and shape of the feed, as well as liner profile, feeding rate, Close Side Setting (CSS), 
eccentric speed and stroke of the mantle [18–19]. This complex and dynamic system has been 
simulated in several models [18,20]; studies show that fragmentation and ore hardness are the most 
prominent feed characteristics affecting crushing energy consumption [21]. After much research, 
scientists at Julius Kruttschnitt Mineral Research Centre (JKMRC) developed a simulation package 
to optimise mineral processing circuits [20]. Included in this package is a model for predicting 
crusher power draw and product size distribution. However, these models have been developed as 
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tools for the optimisation of the entire mineral processing circuits and do not comply with 
stand-alone crushers [19]. Moreover, they are based on comminution theories, such as Bond’s work 
index [22], and they depend on a large database of site-specific and machine-specific data gathered 
over years of research. The complexity and extensive data requirements of these models make them 
difficult to use in typical industrial conditions.  

Pothina et al. [19] developed an analytical model for energy consumption of gyratory 
crushers by using CSS and feed size variations. However, the feed fragmentation in this model is 
based on the Kuz-Ram model [23] and is assumed to be a function of burden and spacing, regardless 
of all other factors affecting blast fragmentation. In reality, it is well known that blast-induced 
fragmentation in mines varies because of several uncontrollable factors. Variations in lithology, 
structural geology, explosive performance and precision of drilling and blasting are some of the 
factors leading to inconsistencies in run-of-mine fragmentation. Therefore, such assumptions about 
the relationship between burden/spacing and crushing energy are of little practicality in day-to-day 
production blasts. 

For a specific site, an empirical approach yields more hands-on conclusions. It provides a 
simple but statistically reliable understanding of the influence of the feed size of a certain ore on the 
energy consumption of a certain crusher. In practice, the mine has the ability to produce different 
ore fragmentations by manipulating the blasting setup. It is, therefore, possible for the mine to tailor 
the feed material in such way that loading and crushing are performed at peak efficiency. Despite the 
aforementioned uncertainties in blast fragmentation, having a target fragmentation in mind for a 
specific ore helps the mine modify the blast setup to yield a fragmentation as close as possible to the 
target. This has a great influence on operational efficiency in the long term. 

3. Aitik mine 

At 3 km long, 1.1 km wide and 450 m deep, Aitik is one of the largest open pit copper mines in the 
world. It is situated about 60 km above the Arctic Circle in northern Sweden and has been owned 
and operated by Boliden Mineral AB since 1968. The Aitik deposit comprises metamorphosed 
plutonic, volcanic and sedimentary rocks. The ore zone consists of biotite gneiss, biotite schist and 
muscovite schist with dykes of pegmatite cutting through. 

Despite its low-grade ore (0.22% copper on average), Aitik is considered one of the most 
efficient open pit mines in operation. In 2015, its annual production of ore reached more than 36 
Mtonnes, yielding about 67 ktonnes of copper, 61 tonnes of silver and 2 tonnes of gold. Its efficiency 
stems from its advanced technological infrastructure and monitoring systems; these permit the mine 
to audit and improve the operation continuously. In fact, the well-coordinated fleet management 
system and comprehensive data collection during all stages of operation provided a solid platform for 
this study of the effects of fragmentation on efficiency. Data from different sources could be 
extracted and utilised to correlate fragmentation to both loading and crushing. 

4. Data Collection and Methods 

The goal of this study was to investigate the effects of fragmentation on the efficiency of loading and 
crushing. It also considered rock hardness, as crushing efficiency is sensitive to the hardness of the 
ore. Because different factors are important at different stages of a mine’s production, it is crucial to 
define a unit mass of ore and follow it up the production chain. The most suitable unit for such a 
purpose in a fully operational mine is the haul truck, as it can be tracked from the muckpile to the 
crusher by means of fleet data. A schematic illustration of the ore-tracking method and factors 
extracted at each stage is presented in Figure 1. 
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Figure 1: Scheme of data follow-up and ore tracking during loading, hauling and crushing. 

As seen in the figure, the data corresponding to each truckload were acquired by 
back-tracking it from the targeted crusher to the muckpile. Each ore unit (i.e. one truckload) was 
photographed after the truck dumped it in the crusher inlet. The photographs were used to assess the 
fragmentation via image analysis and ordinal classification. The energy consumption in the crusher 
was recorded for the entire cycle and was normalized to the tonnage of crushed ore (truck payload). 
By incorporating fleet data, each truck could be traced to its corresponding rope shovel, thus 
allowing loading efficiency and coordinates of the ore to be extracted as well. The loading 
coordinates were later cross-referenced with geological data to define the lithological origin of the 
ore. Unfortunately, complex geology, uncertain mechanical properties and low spatial resolution of 
lithological information in the mine did not permit a strict distinction of ore types for the studied 
cycles. Hence, the mine was roughly divided into two main areas: North and South. During the 
study, the mined ore in the North had a large content of muscovite schist, while the South ore 
contained a high amount of biotite gniess. A summary of the mechanical tests on specimens of these 
ores is presented in Table 1.  

Table 1: Comparison of hardness of the two main ore types in Aitik. 

 North 
(Muscovite Schist) [MPa] 

South 
(Biotite Gneiss) [MPa] 

Schmidt Hammer [24] 46.0 81.1 
Point Load Test [25] 28.6 112.1 
Point Load Test [26] 67.1 121.0 
UCS [27] 73.5 127.8 

 
All truckloads were traced back to their original coordinates in the mine and were 

distinguished to be from either North or South. This over-simplified distinction between the two is 
due to uncertainties in the lithological content of truckloads as well as large variations in hardness 
between different specimens. As mechanical properties of these ores do not fit within the scope of 
this study, the results were simply separated by origin. Therefore, the following comparisons of the 
two do not take into consideration the numerical difference in hardness of the material but simply 
indicate the origin of the ore as either North or South, considering that South ore is generally harder 
than North ore. Additionally, since the nominal density of both ore types is identical, the differences 
in the density of the ores were not considered in the analysis of loading or crushing and are not given 
in what follows. 

Given the enormity of the data in this scheme, each of the aforementioned stages included 
careful filtering and selection procedures to keep external factors at bay. The 20-day study period 
provided fully compatible data for 225 truckloads, equivalent to approximately 50 ktonnes of ore. 
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4.1. Fragmentation 

Assessing blast-induced fragmentation has been one of the most challenging tasks for both researchers 
and the industry. Until now, the only reliable method to quantify the size distribution of a muckpile 
has been physical sieving, yet it only yields reliable results if the process is carried out carefully using 
adequately large samples and in a controlled environment. Because of its time consuming and costly 
nature, this method is generally disregarded by industry and the research community; few studies 
present full-scale sieving results, and they all agree on its practical difficulties [28–29].  

Since the 1980s, photographic techniques have been used as non-contact measurement tools 
to estimate the size distribution of muckpiles. Image-based fragmentation assessment started with the 
visual comparison of muckpiles to scaled photographs; it later advanced to 2D image analysis 
techniques and more recently broadened to include more complicated 3D analysis using laser 
scanning or photogrammetric methods [30]. One of the simplest methods of using photographs to 
assess fragmentation is to compare the target muckpile to reference images of standardized muckpiles. 
An early example of this method is the “Compaphoto” technique, introduced by Aswegen and 
Cunningham [31]. The technique is based on visual comparison of the target muckpile to scaled 
photographs of standardized muckpiles and uses the Rosin-Rammler function to estimate the particle 
size distribution. In a recent study, Wimmer et al. [28] used a similar but customized approach in the 
so-called Quick Rating System (QRS). This method was developed to classify the fragmentation of 
LHD bucket loads into four classes of median fragment size (P50) and three subclasses of uniformity 
index (n) varying from 0.6 to 2.2. These researchers also compared the results from a rating system, 
2D and 3D image analysis and physical sieving of LHD bucket loads. They reported that the Quick 
Rating System showed consistent results between users, except for fine-medium material of an 
inhomogeneous character. The method was also found reliable – if used carefully – and accurate in 
comparison with 2D image analysis. 

 2D image analysis techniques have been studied extensively, with various disadvantages 
pointed out by several researchers [30,32–38]. Because of the method’s shortcomings, the 
repeatability of 2D image-based measurements is generally poor. Segregation of differently sized 
particles in a muckpile, the lay and aspect ratio of fragments, overlapping fragments, insufficient and 
biased sampling, imaging inconsistency (lighting, scaling and perspective), inaccurate automatic 
delineation and time-consuming and user-dependent manual delineation are some of the draw-backs 
of this technique. If done carefully, however, 2D image analysis can provide insights into the trends 
of variations in fragmentation; these trends may not describe the entire size distribution accurately, 
but they are still more practical than physical sieving and have been proven useful over years of 
experience in the industry. 

The errors and shortcomings of both classification and image analysis techniques are well 
known. However, with consistent measurement procedures and statistically reliable sampling, 
researchers can identify the trends of variation with either method; Maerz [32] states: 

“Processes such as blasting [and crushing] can be characterized by looking at the relative 
differences between two measurements, and consequently the absolute error is not important.” 

On the one hand, the advantage of the classification method lies in its fast and straightforward 
procedure which allows a large number of samples. However, it only shows subjective trends in the 
mean run-of-mine fragmentation with little information on the details of size distribution. The 2D 
image analysis, on the other hand, is limited to a much smaller number of samples because of the 
time-consuming delineation procedure. Yet it yields a detailed quantitative assessment of particle size 
distribution. Given their respective strengths and weaknesses, this study used both 2D image analysis 
and ordinal classification of fragmentation and compared the results. 

The gyratory crusher includes two bays where the trucks dump the ore directly into the 
crusher inlet; each bay is equipped with several closed-circuit cameras with real-time feed and a 
stationary camera aimed at the crusher inlet. In this study, the bay cameras were used to double-
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check the time-tag of dumps, while the camera aimed at the inlet was used to assess the feed 
fragmentation for each crushing cycle. This latter camera provided a continuous video feed at two 
frames per second, and fragmentation was based upon single frames of each cycle sampled every five 
seconds, as each cycle typically took 4–6 minutes to finish. Consequently, each crushing cycle was 
assigned a series of images with a five second interval. A sample image of the crusher inlet with its 
dimensions is presented in Figure 2. 

The study assessed the feed fragmentation of crushing cycles in two stages. In the first stage, 
all image sequences were classified into five ordinal categories, with class 1 the finest and class 5 the 
coarsest fragmentation. In the second stage, eight cycles from each class were selected and then 
analysed using image analysis software Split-Desktop [39]. 

 

 
Figure 2: Guide samples for ordinal classification of fragmentation at the crusher inlet. 

One of the authors performed the five-class rating of the cycles based on a visual comparison 
of all images of the cycle with a series of pre-defined sample images for each class. Figure 2 shows 
samples of each class. The choice of guide samples for classes was based on image analysis of three 
sample images per class. The median fragment size (P50) and 80% passing size (P80) values of images 
were extracted before classification and used to define more or less equal size-spans for each class in 
such way as to cover the entire range of observed fragmentation. The numerical values were not 
used to classify cycles, as the rating was solely qualitative, i.e. comparing the image sequence of each 
cycle to guide samples and rating them from 1 to 5. The range of pre-defined values for the P50 and 
P80 of each class is presented in Table 2. 

 

Table 2: Pre-defined approximation of P50 and P80 sizes for fragmentation classes. 

Class P50 ± stdev. [cm] P80 ± stdev. [cm] 
1 209 ± 39 464 ± 51 
2 336 ± 54 615 ± 73 
3 510 ± 59 785 ± 74 
4 653 ± 77 994 ± 105 
5 820 ± 91 1174 ± 156 

 
The image sequences from selected cycles were inspected carefully for any external factor 

affecting the crushing cycle and feed size at the crusher inlet, e.g. interruptions in the cycle due to 
boulders. The circular steel protector of the mantle was visible in almost all images; hence, its 
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diameter was measured and used as a scale to estimate fragment size. Since the camera was stationary 
and perpendicular to the crusher inlet, all images included identical viewpoints, thus minimising 
errors introduced by perspective. The crusher inlet was lit by artificial light to reduce lighting 
variations as well. Finally, all images were enhanced by increasing their contrast and sharpened using 
the Unsharp Mask tool in Adobe Photoshop™ [28] for better particle delineation. 

All images were delineated manually by only one user to minimize the user dependency of 
the results. Due to uncertainties in theoretical estimation of fines, no fines factor was used in the 
analysis, and only visible particles were included in size distribution curves [38]. Finally, the 50% and 
80% passing size for each cycle was extracted and correlated to the loading and crushing efficiency of 
cycles. However, it should be mentioned again that despite all efforts to minimize errors, image 
analysis technique is not in any way comparable to full-scale sieving. The P50 and P80 values are not 
expected to represent the true size distribution of the feed. Thus, the results can only be considered 
quantitative figures suitable to compare the size distributions of different feeds and identify trends. 

4.2. Crushing Efficiency 

The gyratory crusher studied here is an Allis-Chalmers Superior 60-109. The diameter at the lower 
part of the mantle is 2770 mm, and the closed side setting (CSS) of 160–180 mm determines the 
crusher product. Depending on the characteristics of the ore, the coarsest particles after crushing vary 
from 350 to 400 mm in size [26]. During the study, the CSS and the eccentric speed of the crusher 
were kept constant, so the only variable was the torque applied on the motor for effective breakage, 
measured in terms of power draw (kW). The power draw at the crusher motor was sampled every 
nine seconds. The raw data were then broken down into crushing cycles by cross-referencing the 
power-draw curve to the fleet logs, and each cycle was given a unique ID.  

Only the single-dump cycles were selected for further analysis. The single-dump cycles, as 
opposed to multi-dump (choked) cycles, correspond to the crushing cycles in which the material 
from a single truck is dumped into the feeder; no other material is dumped until the cycle is finished. 
Figure 3 shows samples of single-dump and multi-dump cycles of the crusher. The reason for this 
selection is that gyratory crushers perform slightly differently under choked conditions [21]. A 
choked crusher will go through a continuous material flow with heavier particle interaction and a 
varying force of gravity. This, in turn, could introduce bias into the energy consumption 
measurements. In addition, in the study mine, the blending of material in multi-dump cycles made it 
impossible to trace the ore to a specific coordinate in the mine, possibly compromising the material 
follow-up, as well as energy and tonnage estimation. 

 
Figure 3: Power-time curve for single- and multi-dump crushing cycles with their corresponding dump log. 

All crushing cycles included in the study were from single dumps. Each cycle started as soon 
as the material entered the idle crusher and ended when all the material had passed through and the 
status returned to idle. In this way, the start and end of all cycles could be distinguished precisely, 
and the influence of the rise and fall in torque of the motor was evident for all cycles; additionally, 
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the duration of each cycle could be accurately extracted for further analysis of momentary 
throughput. 

The energy consumption in the crusher was calculated for each cycle by integrating the area 
under the power-time curve (Figure 3). The consumed energy was normalized to the tonnage of the 
crushed material from the fleet logs, and energy consumption per unit mass was extracted and 
presented in kWh/tonne for each crushing cycle. As the tonnage and duration were known for each 
cycle, the momentary throughput of the crusher could also be calculated. 

4.3. Loading Efficiency 

The load and haul fleet in Aitik mine comprises a variety of electric and hydraulic shovels combined 
with differently sized haul trucks. Loading efficiency is only comparable between similar types and 
makes of machinery, as the mechanisms and capacities of different rope shovels vary widely. 
Consequently, all truck cycles included in the study were filtered to include only identical shovels 
loading identical trucks, namely P&H4100C shovels with an 81.7 tonne dipper capacity loading 
CAT793 trucks with a capacity of 227 tonnes. When the truck payloads were comparable,  the 
crushing cycles could be evaluated and the loading efficiency determined for identical shovel-truck 
combinations. 

The studied trucks were normally loaded to full capacity by 3–5 shovel passes depending on 
fragmentation and diggability of the muckpile. The payload and number of shovel passes to fill a 
corresponding truck were used to estimate the mean payload of the dipper in each cycle. The mean 
payload of each dipper pass was compared to the nominal capacity of the dipper, and the mean fill 
factor was calculated and presented as percentage of full dipper capacity. 

Although loading is an operator dependent task, this was not considered in the analysis 
because of the number of cycles and operators. However, in a previous study of Aitik, the authors 
compared the performance of different operators and concluded the influence of muckpile 
diggability on loading is greater than that of operator skills [40]. Therefore, the present study 
assumed the operator effect to be negligible, especially as similar operators operated all shovels in 
circulation during the study. 

5. Results and Analysis 

A summary of the classification results is presented in Table 3. Mean values for crushing energy, 
crusher throughput and fill factor of shovel dipper are separated by ore type (North/South) and 
presented for each fragmentation class. 

 

Table 3: Summary of the results from classification of feed fragmentation. 

 Crushing Energy 
[kWh/kt] 

Crusher Throughput 
[t/min] 

Shovel Fill Factor [%] 

 Ore 
Type 

Truck 
Count 

Mean Stdev. Mean Stdev. Mean Stdev. 

Fr
ag

m
en

ta
tio

n 
C

la
ss

 

1 
North 29 70.46 19.59 80.01 18.32 87.88 10.34 
South 10 82.91 13.71 75.70 11.21 78.67 9.96 

2 
North 35 92.36 21.49 79.12 20.55 90.89 7.46 
South 24 137.04 34.66 68.05 16.16 93.32 8.44 

3 
North 36 117.95 28.80 74.46 20.34 84.30 9.87 
South 33 149.21 28.77 64.99 17.34 80.58 14.13 

4 
North 15 176.38 31.71 57.52 10.16 74.12 11.95 
South 20 192.30 36.16 52.89 14.92 65.32 10.08 

5 
North 11 190.03 19.18 57.39 9.27 63.49 13.11 
South 12 207.57 45.08 49.39 10.58 60.62 10.35 
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Table 3 shows crushing energy consumption gradually increases as fragmentation shifts from 

fine to coarse. Meanwhile, throughput shows a consistent decrease with increasing fragment size. 
The fill factor shows the highest loading efficiency for class 2 fragmentation (i.e., finer 
fragmentation); it gradually decreases as fragmentation reaches the very coarse end (class 5). To 
determine the statistical distribution of values in each class, Figures 4–7 compare means and quartiles 
across fragmentation classes. 

 

       

Figure 4: Mean crushing energy (left) and its statistical distribution (right) within each fragmentation class. 

As seen in Figure 4, the mean energy consumption shows a consistent step-wise increase 
from class 1 (very fine) to 5 (very coarse). For all fragmentation classes, the South ore (harder ore) 
consumes more energy than the North ore (softer ore). The difference is largest for classes 2 and 3, 
implying ore hardness is less influential for crushing very fine or very coarse fragmentations. In 
addition, the increase in energy consumption from class 4 to 5 is comparatively smaller than that 
between other classes in both ores, especially from class 3 to 4 which makes the largest leap. This 
indicates fragmentation is less influential when the particles are larger than a certain size. This can be 
seen in the distribution plot as well. However, the distribution of the values exhibits rather large 
variation spans in all classes. Overall, the variations increase as fragmentation becomes coarser. The 
largest spans, for classes 4 and 5, show a more or less similar statistical range of variation. It is also 
apparent that the lower and upper quartiles lie relatively far away from minimum and maximum 
values, suggesting the statistical spread includes a wide scatter. 

The analysis of mean crusher throughput (Figure 5) shows the largest decrease in throughput 
occurs between class 3 and class 4. There is a slight decrease from class 1 to 3, a significant drop from 
class 3 to 4, and a marginal difference between class 4 and 5. The South ore yields less throughput in 
all classes. As in energy consumption, the differences between North and South ores are more 
pronounced in classes 2 and 3 and marginal in classes 1, 4 and 5.  The distribution of throughput 
demonstrates large variations in classes 1 through 3 with more or less similar ranges in all quartiles, 
and classes 4 and 5 showing comparatively smaller, but identical throughputs overall. 
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Figure 5: Mean crusher throughput (left) and its statistical distribution (right) for fragmentation classes. 

 
The fill factor of the shovel dipper (Figure 6) shows a dissimilar trend. Firstly, the influence 

of the ore type is not as pronounced for loading as for crushing. North and South ores show closely 
comparable means and medians. Secondly, the fill factor in class 1 is lower than in class 2, indicating 
medium-fine fragmentation has higher diggability than very fine fragmentation. The fill factor 
gradually decreases from class 2 through 5. The quartiles in the distribution plot also show a decrease, 
with a marginal difference between the two ores. 

 

       

Figure 6: Mean fill factor of shovels (left) and its statistical distribution (right). 

 
The results of the classification of feed fragmentation give an overview of the trends in 

loading and crushing efficiency over a relatively large sample population (n=225). In contrast, the 
image analysis results, presented in Figure 7, provide a detailed view of about 40 single crushing 
cycles. Since P80 and P50 of the size distributions were strongly correlated (Figure 7a), the image 
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analysis results are presented only in terms of P80. More or less similar trends were observed for P50, 
but are not presented here. 

The plot of crushing energy against P80 of the feed (Figure 7b) demonstrates a correlation 
similar to that found in the classification results. The energy consumption increases as fragmentation 
reaches the coarse end of the spectrum. The regression lines show South ore generally consumes 
more energy during crushing, though the difference is marginal in the fine end of the fragmentation 
range and increases with P80. The difference between the ores is more pronounced in the mid-range 
(P80=600–800 cm) and includes large scatter at the coarse end. This agrees well with the results 
obtained from classification; however, the variations at the coarse region of the plot could imply that 
factors other than ore type and fragmentation have influenced the energy consumption. 

 
(a)        (b) 

       

(c)           (d) 

       
 

Figure 7: Image analysis results: a) Correlation of P50 and P80 for all analysed images. b) Crushing energy plotted against 
P80, c) Crusher throughput versus P80, and d) Shovel fill factor plotted against P80 of the feed. 
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The throughput of the crusher (Figure 7c) also shows a decreasing trend for throughput as 
fragmentation reaches its coarse end, but the low correlation coefficients imply that in single crushing 
cycles, the throughput is not only affected by fragmentation but also by external factors such as 
feeding rate (material flow) and shape of fragments. The regression lines show that, on average, 
South ore yields less throughput than North ore, but the values do not show a strong correlation to 
either size or ore type in this number of samples (n=40). The fill factor of the electric shovels (Figure 
7d) shows an even weaker correlation with P80. The trend of the overall envelope suggests 
diggability decreases with increasing P80. But the correlation coefficients are rather small, and no 
distinct difference is observed between the two ores, as all points lie within a similar, wide statistical 
range. This could arguably be due to inaccuracies in fragmentation measurements, the 
operator-dependence of the loading performance or other factors related to the machinery; either 
way, the large scatter does not allow a solid conclusion about the loading efficiency. 

6. Discussion and Conclusion 

This study analysed the feed fragmentation of 225 single-dump crushing cycles statistically in 
an ordinal manner. It considered the fragmentation for 40 of the cycles using an image analysis tool 
and correlated the results to the crushing energy consumption per unit mass, throughput of the 
crusher and fill factor of the shovel dipper. The crushing cycles were traced to their loading origin 
and subjectively separated by estimated ore hardness. During the study period, the CSS of the 
crusher was kept constant, as was the rotational speed of the mantle. The loading efficiency was 
compared for identical electric rope shovels. The classification and image analysis were conducted in 
a systematic manner with images from a single stationary camera aimed at the crusher inlet. The 
findings are summarized as follows: 

 The results indicate a consistent difference between the soft and hard ores in their crushing 
efficiency. Both the classification and the image analysis show that, regardless of size 
distribution of the feed, the harder ore (South) involves higher energy consumption and 
lower throughput than the softer ore (North). 

 The influence of ore hardness is most pronounced in mid-range fragmentation 
(classes 2 and 3), implying hardness matters less for very fine or very coarse fragmentations. 

 The largest alteration in both energy consumption and throughput of the crusher occurs 
between class 3 and class 4 fragmentations. This indicates that the efficiency decreases slightly 
as the fragmentation becomes coarser (from class 1 to 3), but as the fragmentation exceeds a 
certain size (between class 3 and 4), the efficiency drops considerably. Interestingly, for the 
very coarse fragmentations (class 5), the efficiency does not decrease significantly.  

 The loading efficiency shows no correlation to the hardness of the ore. The highest efficiency 
is observed in mid-fine range fragmentation (class 2). It decreases thereafter with increasing 
feed size. 

 The general trends in crushing and loading efficiency are consistent in both the classification 
and the image analysis results. However, a comparison of the results shows both methods 
include large scatters. The classification method provides a much larger sample population 
and is, therefore, statistically more representative than the image analysis of limited samples. 
Although both methods are image-based and include similar drawbacks, the trends in 
classification results are more reliable for subjective evaluations. This is more evident for the 
throughput and fill factors; they show very large scatters in both methods, but the broad 
sampling in classification leads to more representative results over a larger population. 
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 Several shortcomings of image-based methods to assess fragmentation were observed in this 
field study. These observations were not easily measurable in a non-contact manner, but 
affected the results in one way or another. Segregation of material, fragments’ lay and shape, 
overlapping fragments and inhomogeneity within each sample (truck) were some of the 
factors causing inaccuracies, not only in fragmentation assessment but also in loading and 
crushing. Despite their limitations, these methods are the only available tools to measure 
fragmentation. 

 
Finally, the findings of this study suggest higher loading and crushing efficiencies can be 

achieved in Aitik mine. This could be accomplished by tailoring the blast-induced fragmentation to 
class 2 or 3, approximately equivalent to a P80 of 600–800 cm. Such target fragmentation could be 
achieved by using field trials to find the most economical blast setup satisfying those requirements. 
Furthermore, the results suggest North and South ores lead to different crushing efficiencies, 
something to consider in blast design and cost estimations. The target fragmentation for loading and 
crushing can be correlated to the operational parameters of the crusher and the efficiency of the mill 
to find the most suitable combination for efficient milling. Subsequent cost estimations for each unit 
operation can determine a combination of blast setup, crusher setting and milling parameters to 
eventually yield the highest overall chain-value of this particular operation in the long term. 
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