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ABSTRACT 

Drill and blast is a critical process in the size reduction of rock. The process uses 

explosive energy to reduce rock into manageable fragment size before the rock 

fragments are transferred to other mining activities. The size reduction of rock by 

mechanical energy is generally accepted as a relatively expensive process due to the 

cost of energy required to break the rock. For this reason, it is essential to reduce the 

energy requirements in the plant by sending optimal blast fragments. However, rock 

geology, blast design geometry and explosives properties can influence the degree 

to which optimal fragment size would be achieved. 

This study aimed to determine the degree to which these parameters influence the 

blast fragment size and the associated blasting costs by simulating various blast 

conditions. The objective of the study was to implement a blasting simulation model 

at Ruashi mine to solve the challenges experienced with blast fragmentation and 

blasting in general. Based on a review of diverse literature and theories on blasting, 

the Kuz- Ram model was chosen as the basis for the study. Three test sites of varying 

geological conditions were selected, and different blast design patterns and 

simulation conditions were used to answer the research questions. Image analysis 

was utilised to compare actual fragment results against simulated fragment size 

results to refine the model and ensure the simulation model can better predict the 

fragment size. 

Analysis of the findings indicated that the Blastability Index, which is a measure of the 

difficulty in blasting rock, for the rock types encountered in the mine ranged between 

4 and 8 which indicated weak to moderately competent rockmass. This index was 

primarily influenced by rock density and joint dip angle. The higher the rock density, 

the greater the difficulty was in blasting rock. Also, the steeper the joint sets (joint 

spacing less than 0.1m), the more difficult it was to blast the rockmass. 

The Uniformity Index, which measures the uniform nature of the blast fragmentation 

distribution, was found to range between 0.9 and 1.5 for South-East and South-West. 

This index value indicated that muck piles in these areas were mostly non- uniform. 

This result was expected given that the rockmass in these areas was less competent 

and relatively more fractured while the South blast Uniformity Index was between 1.5 

and 2.2 which depicted a more uniform muckpile achieved from competent rockmass. 
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The burden and spacing were the influential parameters on the Uniformity Index value 

in a variable blast pattern design. While in a fixed burden and spacing pattern, the 

index value depended mainly on the change in the stemming length. 

In a fixed blast pattern design, the blasting costs were mainly influenced by the 

change in the stemming length. The higher the stemming length, the lower the unit 

blasting costs. Also, the higher the Blastability Index, the greater the blasting costs. 

The uniform nature of the muckpile was found not to have an impact on the blasting 

costs. 

Two standard blast patterns were chosen for ore and waste material. Firstly, for waste 

blasting, final blasting pattern of 2.5m by 2.5m was selected together with a powder 

factor of 0.35 kg/Bcm. Secondly, for ore blasting, a 2m by 2m blast pattern was 

chosen along with the powder factor of 0.35 kg/Bcm. These selected parameters 

were found to produce reasonably good results in terms of fragmentation size and 

blasting costs for the rock types encountered in the mine.  

Due to the cross-sectional nature of the study and limited resources such as blasting 

software, mill data and digging data, the study was restricted to cover only the blasting 

operations by utilising the Kuz-Ram model. Further studies on the comminution 

system would be necessary to quantify the overall impact of the fragment size on total 

mining costs. One other important recommendation from the study is that the mine 

needs to establish the blasting department to deal with issues of performance, quality 

assurance, and control, and the development of blasting standards. This is key given 

that the mine does not have technical capability for extensive blasting operations that 

will be required as a consequence of working in hard strata.
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CHAPTER 1 

Introduction 

 

1.1 Introduction 

Blast rock fragmentation is an essential component of the mine to mill optimisation 

philosophy. A variety of empirical models are used to predict the fragment size of 

blasted rock materials. These models depend on elements such as the drillhole 

diameter, burden, spacing, bench height, rockmass conditions, and the explosive 

properties amongst others to predict the fragment size. The Kuz-Ram model is 

popularly used in predicting the size fragmentation distribution of blasted rock 

material. 

Various literature shows that sub-optimal or poor fragmentation size distribution of 

the blasted material can have adverse consequences on the following mining 

operations such as loading, hauling, and processing operations. Thus, leading to a 

loss of value in the entire mining value chain. Mackenzie (1966) defined optimum 

blast as “the blasting practice, which gives the blast results necessary to obtain the 

lowest overall costs for drilling, loading, hauling, and crushing.” 

The costs of both drilling and blasting operations are a vital component in the overall 

scheme for achieving lower operating costs. However, to achieve a higher value 

(profitability), the mine to mill optimisation process requires that, the entire value chain 

rather than at a unit level optimisation approach be carried out. It is essential to 

specify the ideal ROM (run of mine) size fragment required by the plant as this will 

influence the drill and blast design pattern and overall costs involved (Mackenzie, 

1966). It might be necessary to increase the blasting energy, thus decreasing the 

fragment size to ensure that lower mechanical energy input in the comminution circuit 

is achieved. 

It is, therefore, essential that the relationship between the rockmass parameters, blast 

design parameters, and the explosive energy required to achieve the desired 

fragment size distribution be well understood. 
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1.2 Background and Problem 

Ruashi Mine is an open-cast copper and cobalt mine situated 10km northeast of the 

town of Lubumbashi in the province of Katanga in the Democratic Republic of Congo 

(Ruashi, 2015). Figure 1.1 shows the geographic location of the Ruashi mine.  

 

 

Figure 1.1: Zambia DRC Copperbelt (Ruashi, 2015) 

The mine was established in 1919 and mining took place sporadically up to 2003. 

The disruptions to mining operations were due to the turbulent political history of the 

country. During 2004 and 2005, Metorex took over the mining permit, and operational 

control to Ruashi mine and the operation has experienced stable production to date. 

The mine currently produces 36000 metric tonnes of copper cathode and 4800 metric 

tonnes of cobalt concentrate per year. The total material mined per year is around 11 

million tonnes. 

The mining production mentioned above came from easy to mine oxide domains 

which allowed for free digging operations. However, over the past few years, a 

significant part of the oxide material has been depleted. Presently, the mine operates 

in the harder strata of the transition and fresh material domains in some parts of the pits, 

thus, requiring a formalised blasting program. Figure 1.2 depicts the depth of the mining 

areas relative to competent material domains. 
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Figure 1.2: Schematic diagram of geotechnical zones (Ruashi, 2015) 

The problem: The mine has never had a formalised blasting unit established in the 

mining department. Many challenges concerning the performance of blasting 

operations can be attributed to the lack of standards, experience, and expertise in 

blasting operations. The consequence of not having a blasting division was now 

apparent to mine management. Figure 1.3 depicts a range of challenges encountered 

from the blasting operations. 

 

Figure 1.3: Blasting challenges at the mine 
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Discussing briefly the problems depicted by Figure 1.3 (in a clockwise direction) 

starting with: 

• Top-right image, excessive pinnacles were formed (especially on the second 

mining flitch) after holes that collapsed were not redrilled, and the amount of 

explosive placed in the standing holes varied tremendously across the pattern. 

These are typical quality assurance and control issues. In some of these 

cases, the entire area had to be blasted for the second time to correct the 

situation, thus incurring high costs. 

• Bottom-right image, huge boulders were common and frequent across all 

blasted areas. These boulders presented safety issues to people and 

equipment, especially when operators attempted to load them into trucks or 

push them down the mining faces to the lower working areas. Digging and 

loading were extremely difficult and slow in such circumstances. 

• Bottom-left image, poor fragment size distribution emanating from poor burden 

and spacing for the rockmass encountered coupled with an ineffective 

explosive charge (poor powder factor). These areas are a challenge to mine 

and result in low digging rates and frequent damage to bucket’s teeth. 

• Top-left image, this situation occurred when the burden and spacing were 

excessive, and there was no interaction between the adjacent blast holes. This 

kind of blast results were commonly associated with flyrocks, excessive 

vibration, poor diggability, and boulder. 

The problem, in general, is that the results of the blasting operations are shamefully 

inappropriate, characterised with poor fragmentation. Further, the bench turnaround 

times are excessive and impacting on the mine planning schedule and plant feed due 

to planned ore being locked up in benches. High-grade ore areas from the Minerais 

Verts formations continuously required redrilling and blasting to get the fragmentation 

size to match the plant requirements. The ore from the MV formation was essential 

in ensuring a stable head grade to the plant. Delays in exposing and mining these 

areas resulted in lower copper recovery due to delays caused by blasting.  

Another issue of significance was the safety of the neighbouring communities. The 

mining lease area was not adequately secured, and illegal settlements overtime took 

place inside the mining concession. The only form of barrier between the community 
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and the mine was a water trench established to serve two purposes, one, stop further 

community encroachment and second, to divert water away from the pits. It is 

common to find kids playing near open mining faces and illegal miners coming down 

into the pits to steal ore. During blasting operations, it is a mission to clear both 

employees and community members to a safe distance away from the blast.  

Frequent claims of injury and damage to property were being raised against the mine 

with compensation demanded whenever blasting took place. Sometimes, the 

communities would close accesses to the mine in protest to blasting operations. The 

government intervened and set the following blasting conditions: a maximum of 800 

blast holes per blast, a maximum of four blasts per week, and the mine to establish a 

joint committee comprised of mine management and community leaders to facilitate 

community evacuations and damage assessment. Therefore, this study aims to 

resolve all these problems by proposing a blast pattern that would deliver optimal 

fragment size safely. Figure 1.4 shows the proximity of mining operations to the 

community. 

 

Figure 1.4: Proximity of mine operations to Ruashi community 

 

Community 

Trench 

Community less than 

150m from pits 

Ruashi_1

Ruashi_2 

Ruashi_3 
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1.3 Research Questions 

The study sought to investigate factors that influence blast fragmentation by 

answering the following research questions (RQ): 

RQ1: How does rockmass characteristics impact on blast rock 

fragmentation size? 

RQ2: What is the impact of blast design parameters on blast rock 

fragmentation size?  

RQ3: What is the influence of a blast design pattern on mine blasting costs? 

1.4 Research Objectives 

The objectives (RO) of the study are: 

RO1: To explore the role of rockmass conditions on blast rock fragmentation 

size. 

RO2: To explore the role of blast design parameters on blast rock 

fragmentation size 

RO3: To determine a drill and blast pattern that will produce optimal 

fragmentation size at the lowest cost possible. 

1.5 Purpose of the Study 

The purpose of this descriptive, quantitative study was to explore the impact of 

rockmass characteristics and blast design parameters on the resultant fragmentation 

size. This was done by running various Blastability Index and Uniformity Index 

parameter simulations using the Kuz-Ram model in order to identify the simulation 

conditions and parameters that produce the best fragmentation results when 

compared with the actual fragmentation size to adopt those conditions as the blast 

design parameters for the mine. This study applied existing blasting theories and 

models to address the challenges at the mine and in this way, added to the current 

body of knowledge by successfully resolving the mines blasting challenges. 
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1.6 Research Design and Methodology 

The research approach to the study was a positivistic, deductive approach wherein 

the study began with an in-depth review of the theories and models that govern the 

topic. Scientific methods were used to explain the causal relationships between the 

different variables in the study. The research design of this study used a case study, 

quantitative, simulation approach (Rensburg, 2017). The simulation approach 

involved the construction of artificial environments wherein data and information were 

generated. The simulation approach allowed for observations of the dynamic 

behavior of the system under controlled conditions.  

Research methods are specific techniques selected by the researcher for conducting 

the actual research (Rensburg, 2017). It includes techniques for developing the 

research instruments, as well as collecting and analysing data (Rensburg, 2017). An 

applied research methodology was used wherein data was collected from the test 

sites. The data consisted of both numerical and descriptive data.  

Test sites were chosen based on their geological properties. Pre-blast data such as 

rockmass condition, explosives properties and environmental condition were 

recorded in Microsoft Excel software. Post blast data such as rock fragment size, 

heave, and bench conditions were also recorded in Microsoft Excel, and images were 

taken and imported into Wipfrag software. @Risk software was used for data 

analysis, and simulation runs with the actual blast results analysed on Wipfrag 

software. The results from Wipfrag were compared with the @Risk simulation runs to 

determine the optimal blast pattern. 

1.7 Research Limitations 

The study had a number of limitations, firstly; resources. The author did not have the 

necessary blast design software such as JKSimblast as the mine had not procured 

such software. Blast designs were done on Surpac software and Microsoft Excel Kuz-

Ram model. As such, sophisticated and advanced analysis of blast results could not 

be performed. 

The second limitation was time. The study had to be completed within twelve months 

to comply with the University requirements for research studies. This meant the study 

had to be narrowed down and focused on a particular issue that could be studied 

within this period. Also, from the mines point of view, the author was given two months 
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to conduct the test blast studies. This meant that time was very much constrained to 

conduct an in-depth study.  

The third limitation was financing. To resolve finance issues, test blasts were 

conducted as part of the standard mining production to avoid additional cost being 

incurred to conduct this study. Also, existing software on the mine was used to 

conduct the study to ensure expenses were minimised. 

1.8 Report Structure 

The research report consists of five chapters. Chapter one contextualises the problem 

and provides the motivation and purpose for conducting the research study at Ruashi 

mining. It further highlights the scope and objectives of the research. The chapter also 

outlined the geological and geographic setting of the mine.  

Chapter two outlines the theoretical work of the research report—the principles and 

theories of blast design, explosives energy, and fragmentation size distribution. The 

chapter also highlights the relationship between mining cost and blast fragment size. 

This chapter essentially grounds the study by highlighting the relevant theories 

applied in the study. 

Chapter three outlines the process followed in collecting and storing data along with 

the equipment and software that were used to analyse the data. The chapter further 

describes the application of the Monte Carlo simulation technique in the 

implementation of the Kuz-Ram blast fragmentation model. 

Chapter four deals with the presentation and interpretation of the results achieved 

from the study, while Chapter five deals with the conclusions drawn from the results 

and the recommendation. 

1.9 Chapter Summary 

This chapter presented the background to the problems experienced by Ruashi mine. 

It further outlined the research questions and objectives of the study. The chapter 

also described the research design and methodology used in conducting the study. 

In conclusion, this chapter aimed to present the motivation for conducting the study 

to resolve the challenges of poor fragmentation. 
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CHAPTER 2 

Literature Review 

 

2.0 Introduction 

This chapter presents the theories that form the foundation for the study, highlights 

the developments in drilling and blasting concepts and fragmentation estimation 

models over the decades. The chapter also outlines the basis for having used the 

Kuz-Ram model together with Monte Carlo simulation to predict the relationship 

between various parameters that govern the fragmentation size distribution. The 

chapter also outlines the equations that are used to estimate the cost of drilling and 

blasting. In summary, this chapter brings together drilling and blasting parameters to 

target fragmentation size distribution and the total drilling and blasting costs. 

2.1  Review of theory 

A. Blasting costs 

Some of the earliest research into the optimisation and evaluation blasting 

performance on surface mines was performed by Mackenzie (1967). Mackenzie 

(1967) showed understanding the various relationships between fragmentation size, 

hauling costs, digging costs and drilling costs could be beneficial to the mining 

operations. Mackenzie’s (1967) primary focus was on achieving two objectives, 

minimum cost, and blast efficiency during blasting operations. His papers 

demonstrated that that improving the fragmentation achieved by the blasting had a 

positive effect on downstream mining operations such as loading, hauling and 

crushing. 

Studies have shown that good fragmentation had tremendous benefits to the grinding 

circuits because most of the energy was consumed by crushing and grinding (McKee 

et al., 1995). In a study conducted by Moody et al. (1996), their results indicated that 

the power consumption at the crusher was more sensitive to rock fragmentation size 

than the throughput. Meanwhile, Fernberg (2005) presented a breakdown of the costs 

associated with drilling and blasting, loading and hauling, and crushing as follows: 

drilling and blasting accounted for 25%, loading and hauling was 25% and crushing 

accounted for 50%. The findings of this study showed a 10% reduction in energy 
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consumed in the grinding system, which was achieved by improving the blast pattern 

together with the explosives consumption in the blasting process (Fernberg, 2005). 

Ash (1963, 1990) makes the point that the burden and spacing are critical parameters 

for achieving a good fragmentation. Kojovic et al. (1995), in their studies, 

demonstrated that the powder factor was also an essential parameter in achieving 

good fragmentation. Their results showed that a powder factor increase from 0.52 to 

0.61 kg/m3 improved loading productivity by 25% and resulted in savings of 0.40 

USD/tonne, and in the crushing and grinding system the savings were 0.30 

USD/tonne. However, when one intends to improve blasting operations, they must 

understand the relationship between rockmass characteristics, blast pattern design 

and fragmentation size distribution. 

B. Fragmentation modelling 

Kanchibotla et al. (1998) indicated that blast modelling and simulation were the most 

cost-effective ways to evaluate blasting and comminution strategies. The Kuznetsov 

equation has been reliable and accurate over the years for predicting the average 

fragment size (Chung and Katsabanis, 2000). The primary role of fragmentation 

modelling was to be able to predict the entire fragmentation distribution to obtain the 

80% passing size (Demenegas, 2008). 

Gaudin-Schumann or the Rosin-Rammler distributions are often used to represent 

fragmentation size distributions despite the fact that these models underestimate the 

fines material in fragment size distribution (Kecojevi & Komljenovic, 2016). The 

original intent of the Rosin-Rammler model was to be a tool to predict reasonable 

changes when blast design parameters are modified (Kecojevi & Komljenovic, 2016). 

However, despite the model's shortcomings, operators continue to use and place a 

great amount of confidence in these model’s predictions due to the familiar properties 

of the model and the ease of use. Also, the Kuz-Ram model is able to accurately and 

reasonably predict the relatively coarse part of the fragment size distribution 

(fragments with size greater than 50 mm) (Djordjevic, 1998). 

Attempts have been made over the years to correct the Kuz Ram model drawbacks 

(Hall & Brunton, 2001). The corrections were based on the modification of the Rosin 

– Rammler fragmentation distribution. Various models have been used to predict 

blast rock fragmentation, ranging from empirical models to numerical models. Two of 



 

11 | P a g e  
 

the latest models used to predict fragmentation sizes are the Julius Kruttschnitt 

Mineral Research Centre (JKMRC) prediction model and the KCO model (Swebrec 

function). The JKMRC model uses a ‘Two-Component Model’ (TCM) and the 

‘Crushed Zone Model’ (CZM) developed by Djordjevic (1998) and Kanchibotla (1998).  

The JKMRC model represents a modified version of the Kuz-Ram model to predict 

the coarse and fines end of the distribution (Kojovic et al., 1995) 

The KCO model is the latest model amongst the two that is used in the prediction of 

fines and in improving the prediction of the fragment size distribution (Ouchterlony, 

2006). The model replaces the Rosin-Rammler function used to describe the 

fragmentation curve in the Kuz-Ram model by the Swebrec function (Ouchterlony, 

2006). Both the JKMRC and KCO models are more accurate in the estimation of the 

fine materials (<100 mm) than the Kuz-Ram model (Hall & Brunton, 2001). Fine 

fragment size can be a problem to mines where the price received for products (iron 

ore and coal) is affected by the percentage of fines or where the throughput is affected 

by the fines (-25mm) (Kanchibotla, Valery & Morrell, 1999). In the case of the copper 

mines, fines are not a problem as they do not affect the price received for the product. 

In such a scenario, Kuz-Ram model can be reasonably applied.   

Whatever prediction model one choses, it is important to understand that various blast 

parameters have an influence on the fragmentation size distribution. These are 

parameters such as rock strength, the explosive velocity of detonation and powder 

factor. Thornton et al. (2002) developed a stochastic technique to identify the 

parameters that have the most significant influence on various fragment size 

distributions. Thorton et al (2002) stated that “the technique takes the input variables 

as statistical distributions rather than constants and through several thousand 

iterations, generates a statistical representation of the expected fragmentation 

resulting from a poduction blast”  

This study will thus focus on the theories used to develop the Kuzram model, and the 

application of simulation techniques to explore paramters with the greatest influence 

of the blast fragmentation size distribution.  
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2.2 Rock Blasting Theory 

When an explosive charge is loaded within a blast hole and detonated, the shock 

pressure is transmitted to the surrounding rockmass causing the blast hole diameter 

and volume to expand (Doucet, 1995). The increase or expansion in the rockmass 

results from the pressure that is induced in the drillhole, the rate of explosive energy 

released and the expansion rate (Doucet, 1995). The pressure in the rockmass 

directly surrounding the blast hole is 1.5 to 2 times greater than the rock compressive 

strength, thus crushing of the rockmass in this zone will occur (Doucet, 1995).  

Outside the crushed zone, the crack will propagate radially from the blasthole and 

continue to extend as long as the stresses exceed the rock strength, which is a 

function of the Poisson’s ratio, Young’s Modulus, and the surface tension coefficient. 

Figure 2.1 illustrates the physical phenomena in rock blasting. 

 

       Figure 2.1: Physical phenomena in rock blasting (Atlas Powder Company, 1987) 

Although cracks stop propagating some distance away from the detonated blasthole, 

the pressure pulse continues until it reaches a free face. At this point, the compressive 

wave reflects as a tensile wave (Doucet, 1995). In cases where the tensile strength 

of the rock is exceeded, the tensile wave will add additional cracks by expanding and 

extending the existing cracks (Doucet, 1995). Doucet (1995) stated that “The total 

work of the shock energy becomes completed when the tensile wave dissipates into 
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the rock. At this point, gas energy continues the fragmentation process”. 

Fragmentation is thus a product of shock energy and gas energy acting upon the 

rockmass. The rate of energy release and rock properties influence the amount of 

shock energy transmitted to the rockmass 

Having understood the process of rock fragmentation, one then focuses on the blast 

design aspect of rock fragmentation. There are mainly two aspects that influence the 

performance of any blast, namely the uncontrollable variables and controllable 

variables. Researchers and mine practitioners alike have long observed that rock 

geology does affect the blast results. However, the extent of the influence is poorly 

understood. The performance of the blast results has mostly depended on the 

expertise of the blasting practitioner. The rockmass properties are difficult to study 

individually and separately, hence the challenge in quantifying their influence on blast 

results (Doucet, 1995).  

The uncontrollable factors are mostly geological issues such as joint condition, rock 

hardness, rock strength, and so on. The controllable aspects are the design geometry 

and choice of explosive. Figure 2.2 shows the controllable and non-controllable 

factors. 

     

Figure 2.2: Factors affecting fragmentation, adapted from Scott (2015) 
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2.3 Uncontrollable Factors 

The geological structures and the rockmass characteristics of the rock to be blasted 

have a significant influence on how the energy of the explosives will interact with the 

rockmass, and as a result, the kind of blast results achieved post-blast. There is a 

general acceptance that, there is some degree of difficulty in the effort to quantify the 

rockmass characteristics. Researchers such as Tandanand (1973) and Hustrulid 

(1999) identified the following parameters to consider when quantifying the rockmass 

properties: 

• “Geology of the deposit: Lithology, chemical composition, and rock types; 

• Structural geology: Faults, fissures, and inherent fractures; 

• Water presence: The quantity and source of origin; 

• Rock strength and properties: Physical properties and mechanical properties”. 

2.3.1  Blastability Index 

Lilly (1986) defined a parameter called the Blastability Index (A) which was adopted 

by Cunningham (1987) to quantify the influence of rockmass on fragmentation by 

incorporating it into his Kuz Ram model which he developed in 1983. Cunningham 

(1987) mentioned that the assessment of any rock blastabilty should account for the 

rock strength, elastic properties, density and fracture formations inherent in the rock. 

The equation for the Blastability Index is then given by equation 1: 

� = �. �� � (��� + �	 + ��
 + �	)  ………………….… (1)  

Where A is the rock factor, RMD is the rock mass description, JF is the joint factor, 

RDI is the rock density influence, and HF is the hardness factor. Table 2.1 provides 

the ratings for Lilly’s rock factors. 
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Table 2.1: Ratings for Lilly’s rock factor parameters. Adapted from Lilly (1986) 

Parameters  Rating 

 

1. Rock Mass Description (RMD) 

1.1 Powdery or Friable 10 

1.2 Blocky 20 

1.3 Massive 50 

 

2. Joint Plane Spacing (JPS) 

2.1 Close (< 0.1m) 10 

2.2 Intermediate (0.1 to MS) 20 

2.3 MS to DP 50 

 

3. Joint Plane Orientation (JPO) 

3.1 Horizontal 10 

3.2 Dip out of the Face 20 

3.3 Strike normal to Face 30 

3.4 Dip into the Face 40 

 

4. Rock Density Influence (RDI) 

 

SGI = 25dg -50 (where dg is in 

tonnes/cubic metre 

 

5. Hardness Factor (HF) 

E/3 if E is less than 50 GPa 

UCS/5 if E is more than 

50GPa 

Units 

(GPa) 

• E is the Young’s Modulus Units (GPa)  

• UCS is the Uniaxial 

compressive strength 

Units (Mpa) 

• JF = JPS + JPO  

• MS is the oversize material Units (m) 

• DP is the drilling pattern size Units (m) 

Lilly (1986) explains in detail the importance of the five different parameters that make 

up the Blastability Index equation. These parameters are summarised as follows: 

a) Rock Mass Description: The rock mass is made up of the blocky ground, 

powdery ground and massive ground. When blasting blocky rockmass made 

up of multiple joints, one should already know that the fragmentation in this 

ground will be governed by the joints more than the explosives’ energy (Lilly, 

1986). In massive rock mass with minimal planes of weakness, the 
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fragmentation will be primarily controlled by the creation and intersection of the 

blast-induced fissures (Lilly, 1986). 

b) Joint Planes: These are planes of weakness in the rock, e.g. fault planes, joint 

planes, bedding planes and mining-induced joint planes. The spacing of the 

joint set gives an indication of the blast fragment size that will be achieved after 

the blast. Closely spaced joint sets require less explosive energy than larger 

joint spacings (Lilly, 1986). 

c) Joint Plane Orientation: Horizontal or vertical joint planes to the free face or 

the direction of the blast are critical to the fragment size, diggability of the 

muckpile, and bench floor conditions (Lilly, 1986). Joint planes that dip in the 

direction of the throw produce slabby muckpile with saw-toothed bench floor 

profile (Lilly, 1986). 

d) Specific Gravity Influence: The heavier rock density rocks require more 

explosive energy to break than lighter rock mass (Lilly, 1986). 

e) Hardness Factor: Harder rocks can be challenging to break than softer rocks 

(Lilly, 1986). 

The Blastability Index is used to describe the ease of blasting, and it is also related 

to the powder factor and fragmentation. Low values of Blastability Index (less than 8) 

indicate medium to hard rock conditions. Values of Blastability Index between 8 to 10 

indicate hard to highly fractured rocks, and values above 10 to 13 indicate hard, 

weakly fractured rocks (Gheibie et al., 2009).  

2.4 Controllable Factors 

Controllable factors can easily be manipulated and are wholly within the control of the 

blast engineer. These are factors such as: 

• Choice of explosives, 

• Blast geometry (hole diameter, burden, spacing), 

• The initiation systems and  

• The timing of the shot. 

The following geometric parameters are part of the controllable factors: 

• Diameter (D) and depth of drillhole (Dl), 
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• Bench Height (H), 

• Burden (B) and Spacing (S), 

• Stemming (T), 

• Length of Charge (Le) and Sub-drill (J), 

• Rock hardness. 

For this study, the parameters that were considered to have a significant influence on 

the performance were: stemming length and material type, bench stiffness ratio, spacing 

to burden ratio and powder factor. 

The list of investigated parameters is by no means exhaustive, and for this study and 

time duration, the stated parameters were the ones examined. Figure 2.3 depicts the 

geometric parameters of bench blasting. 

       

Figure 2.3: Key design features in bench blasting (Tucker, 2015) 

2.4.1 Stemming Length and Material Type 

The role of stemming is to retain the blast energy within the rockmass for sufficient 

time to promote adequate fracturing of the rock. In the event of insufficient stemming, 

early escape of gases into the atmosphere will occur together with an air blast and fly 
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rocks (Rajpot, 2009). Conversely, if the stemming is excessive, large boulders will be 

formed at the top part of the bench, also increased ground vibration and poor swelling 

of the muckpile will occur (Rajpot, 2009). 

Rajpot (2009) proposed that “optimum length of the stemming increases as the quality 

and the competence of the rock decreases, varying between 20D and 60D, where D 

is the diameter of the blasthole.” To avoid problems with airblast, fly rock, overbreak 

and cutoffs, the recommended stemming length of 25D is maintained (Rajpot, 2009). 

Konya and Walter (1991) suggest that the stemming length should be 0.7 x Burden 

for stemming with crushed rock and 1.0 x Burden for drill cuttings, with the sub-drill 

being 0.3 x Burden. 

The stemming material should never allow the gases to escape prematurely (blow 

out) to achieve maximum use of blasthole energy within the rockmass, (Rajpot, 2009). 

It is advised that the borehole diameter to stemming material size should be between 

D/10 to D/20 (D is the drill diameter in mm) for angular material with minimum fines. 

It is a typical practice to use drill cutting as stemming material due to their availability 

near the hole (Rajpot, 2009). However, it was observed that the crushed angular 

material is more effective as a stemming material due to the interlocking properties 

of the angular shapes and it is resistant to ejection and hence contains the explosive 

energy better within the blasthole (Rajpot, 2009). 

2.4.2 Bench Stiffness Ratio 

The bench stiffness ratio was introduced by Konya and Walter (1991) as a means to 

classify how benches will break relative to the burden. Konya and Walters (1991) 

stated that “The burden rock is more difficult to break by flexural failure when bench 

height approaches the burden dimensions in length.” Konya and Walters (1991) 

further stated that “when bench heights are many times the burden in length, the 

burden rock was easily broken.” In short, the stiffness ratio determines whether the 

rock crater upwards, or break parallel to the borehole. 

In the fragmentation process of the rock mass by explosives, there are at least eight 

mechanisms of rock breakage involved. These are radial fracturing, crushing of rock, 

reflection breakage and spalling, gas extension fracturing, fracturing by release-of- 

load, fracturing along boundaries of modulus contrast of shear fracturing, breakage 

by flexion, and fracturing by in-flight collisions (Jimeno et al., 1995). 
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One of the rock breakage mechanism used to explain the bench stiffness ratio is the 

flexion mechanism. The phenomena resemble that of beam failure with pressure 

applied in the middle, and both endpoints fixed. In rock breakage by explosives, the 

stemming area and the sub-drill area act as fixed anchor points. While other 

mechanisms such as radial fracturing and spalling are taking place and the explosive 

gases apply pressure on the rockmass in front of the explosive column thus making 

the rockmass to act like a beam (Jimeno et al., 1995). Rock breakage by flexion 

mechanism is depicted in Figure 2.4. 

         

Figure 2.4: Mechanism of breakage by flexion (Rai et al., 2005) 

The equation for the stiffness ratio is given by bench height divided by the burden, as 

shown in Equation 2: 

SR = H/  ……………………………... (2) 

The blasthole diameter size and the burden distance are limited or controlled by the 

bench height (Ash, 1968). It is easy to deform and displace the rock material located 

in the middle of the bench when the bench height to burden ratio is large (Ash, 1968). 

If the stiffness ratio is below two, there is a high probability that the bench will crater 

and result in incidents of air-blast, high blast vibration and severe back break on the 
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benches. Table 2.2 depicts the potential problems associated with changes in the 

stiffness ratio. 

Table 2.2: The potential problems associated with stiffness ratio. 

Adapted from Konya and Walter (1991). 

Stiffness 

Ratio 

Values 

 

Fragmentation 

Air Blast 

Results 

Fly Rock 

Results 

Ground 

Vibration 

Results 

1 Poor Severe Severe Severe 

2 Fair Fair Fair Fair 

3 Good Good Good Good 

4 Excellent Excellent Excellent Excellent 

 

2.4.3 Spacing to Burden Ratio 

The spacing to burden ratio has a direct impact on the size of fragments achieved in 

a blast. The larger the spacing to burden ratio, the less the energy interaction between 

the blast holes and the likely the chances of excessive vibration and fly rocks. Small 

burdens allow the explosive gases to escape prematurely and cause the blasted rock 

to be pushed out at high speeds posing a great danger of fly rocks. While, excessive 

burden creates resistance to explosion gases to penetrate the rock resulting in 

chocked blasts (Roy et al., 2016). 

Small spacings result in extreme crushing between the holes, and large spacings 

result in inadequate fracturing between the blasthole thus leading to the creation of 

irregular faces with hard toes being formed (Roy et al., 2016). The standard spacing 

to burden ratio is between one and two with 1.15 considered to be the optimal burden 

to spacing for a staggered pattern and 1.25 ratio for the rectangular pattern (Roy et 

al., 2016). In situations where the attainment of an ideal spacing to burden is not 

possible, Roy et al. (2016) stated that “the spacing to burden ratio be adjusted by 

changing the detonation sequence through the different cut designs such as diagonal 

firing, V-cut and elongated V-cut.” 
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2.4.4 Powder Factor 

The choice of explosives is one of the parameters that is influenced by the 

uncontrollable factors such as rock hardness, fractures, rock strength and 

environmental conditions such as the presence of water, infrastructures close to the 

blast and controllable factors. The mass of the explosives per metre of blast hole is 

dependent upon the square of the hole diameter and the average in-hole density of 

the explosive (School of Mining, 2019). The following equation gives the mass per 

metre: 

� = � ∗  ��
����    ………………………(3) 

Where M is the mass of explosives per metre of blast hole (kg/m), P is the average 

in- hole density of the explosive (g/cc), and D is the blasthole diameter (mm). 

The methodology used to determine the blast pattern is dependent upon the powder 

factor (PF). The mass of explosives (energy) required to break one cubic metre of 

rock is called the powder factor (School of Mining, 2019). Differentiating between 

technical and actual powder factor is essential. The technical powder factor does not 

consider the sub-drill, as this part of the charged drill hole is not considered to 

contribute to the fragmentation of the rock (School of Mining, 2019). The actual 

powder factor will include the sub-drill, and it is essential when calculating the actual 

amount of explosives used (School of Mining, 2019). The equation for the powder 

factor is given by: 

�	���� = � ∗  ��
� ∗ � ∗ �  …………………..(4) 

Where M is the mass of explosives per metre of blast hole (kg/m), Le is the charge 

length (m) above the grade level, S is the spacing (m), H is the bench height and B is 

the burden (m). 

The objective of a blast design is to determine the variables of the blast pattern, which 

are spacing, burden, sub-drill and stemming length. To achieve a suitable interaction 

between the rows of holes, the spacing to burden ratio (a = S/B) must be between 

1.0 and 1.5 with 1.15 being an equilateral triangle with a staggered pattern. Equation 

4 can be manipulated to determine the burden when estimating the powder factor. 
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� = � � ∗ (���)
!∗ �	"#$%∗ �     ……………………….(5) 

Where a is the spacing to burden ratio (S/B), and T is the stemming length; thus, Le 

is the charge length given by H bench height minus the T stemming length. The sub-

drill is only considered when calculating the actual powder factor, which is essential 

for calculating the exact amount of explosives used. Table 2.3 depicts the generally 

accepted powder factors for different rock types. 

Table 2.3: Typical technical powder factor for different rock type. 

Adapted from de Graaf (2010) 

Blasting Category Rock Type Technical Powder Factor 

                       (kg/m3 ) 

Very hard Norite 0.85 to 1.2 

Hard Granite 0.65 to 0.85 

Medium Sandstone 0.35 to 0.65 

Soft Shale 0.25 to 0.35 

Very soft Coal 0.15 to 0.25 

 

2.4.5 Explosives Strength 

Comparing explosives’ energy from different manufacturers is difficult because, these 

manufacturers use different computer models such as Project, Fortran-BKW and 

Vixen to calculate the energy released by their explosives. A more comparable 

indication of the strength of the explosive is the relative weight strength ‘RWS’ (School 

of Mining, 2019). The RWS compares the calculated energy of a unit mass of 

explosive with the calculated energy of a unit mass of the ammonium nitrate fuel oil-

based explosive (ANFO) at a density of 0.8 g/cc. The RWS value is calculated by: 

 &'( =  )�*+,-./� )0�123 ,4 )�*+,-./�
)�*+,-./� )0�123 ,4 �56!+ 7!-- ,4 �8	9  ∗ ���   ………. (6) 

In the explosive’s detonation theory, the amount of energy released by the explosive 

is calculated using Tidman’s equation 7: 
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)- = :;,��
;,�0<�  ∗   �=�   ………………………..(7) 

Where Es is the effective power by relative mass of an explosive; VoDe is the speed 

of the effective explosive detonation (measured in the field); VoDn is the nominal 

velocity of the detonation of the explosive (m/s). All the components of the Tidman’s 

equation are used in the explosive component of the blast fragmentation model 

2.5 Fragmentation Modelling 

The primary objective of any rock blasting activity is to deliver the size fragment that 

meets plant specifications, allows for efficient mining operations and delivers material 

that is safe to handle during load and haul operations. 

2.5.1 The Kuznetsov Function 

Cunningham (1983) proposed an empirical model named the Kuz-Ram model, which 

predict the distribution of the rock fragment size. The Kuz-Ram model was developed 

from the work concluded by Kuznetsov (1973) in estimating the mean fragment size 

(X50) and the Uniformity Index (n). Rosin-Ramler (1933) developed the function which 

incorporates Uniformity Index (n) in the prediction of the blasted material size 

distribution around the Rosin-Ramler profile.  

Rosin-Ramler (1933) function describes the particle size distribution over the entire 

fragmentation range (McKee, 2013). Kuznetsov (1973) formulated his equation 

based on field investigations and other published data that related the mean fragment 

size (X50) to the volume of rock to be broken and the relative weight strength of 

explosives.  

The mean fragment size related the applied energy per broken volume of rock over 

powder factor as a function of rock type (Kuznetsov, 1973). Kuznetsov equation 

expresses the mean fragment size as: 

 >7 = � :;,
?�<�.A ?��/�

……………………………(8) 

Where, Xm or X50 is the mean fragment size in centimetres (cm), A is the rock 

constant factor, CO is the volume of rock broken per hole [DE = B x S x H (m3)], QT is 

the mass (kg) of TNT containing the energy equivalent to the explosive charge in the 

blast hole. 
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TNT is expressed as ANFO strength by using the relative weight strength of TNT 

compared to ANFO of 115. ANFO relative strength is 100. Equation 8 can be altered 

to:

 >7 = � :;,
?�<�.A ?��/�((FGHE

��I )��J ��K ………………….(9) 

Where, Qe is the mass of explosives used in (kg), ?� = � � �� is the numerator in the 

powder factor Equation defined in Equation 5. SANFO is the weight strength of ANFO. 

But:  
;,
?� = 

�
L   

Where, K is the powder factor, K = �	���� as defined by Equation 5. Then Equation 9 

becomes: 

    

 >7 = �(M)��.A?��/�( ��I
(FGHE)�J ��K ………………..(10) 

Where now, the mean fragment size (Xm) is compared with the given powder factor.  

The Kuz-Ram model has since its introduction in 1983 been surpassed by a more 

complex model such as Swebrec function (McKee, 2013). The prediction of the blast 

size distribution from coarse to fine fragments was more accurate with the Swebrec 

function. However, the Kuz-Ram model remains popular due to its reasonable 

approximation of fragments size distribution and ease of application (McKee, 2013). 

2.5.2 Rosin-Rammler Function 

Rosin and Rammler (1933) developed an equation that characterised the particle size 

distribution of blasted material. The Kuz-Ram equation is accurate in predicting the 

average fragment size (Xm). However, it was essential to consider the entire fragment 

size distribution to obtain the 80% material pass. To achieve this, Cunningham (1983) 

used the Rosin-Rammler equation together with the Uniformity Index. 

 � =  ��( �
 �� )0     

…………………(11) 

Where R is the fraction of material larger than x (the screen size), xc is the constant 

called the characteristic size, n is the Uniformity Index, and e is the base of a natural 

log = 2.7183. 
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The Uniformity Index values range between 0.6 and 2.2, where 0.6 represents a muck 

pile with no uniform distribution (fines and large boulders) and 2.2 represents a 

uniform muck pile with the bulk of material close to mean fragment size (Clark, 1987). 

Given that the Kuznetsov equation accounts for explosive strength and rock mass 

properties, and that, the mean fragment size is related to the characteristic fragment 

size, the Rosin and Rammler equation can be modified. When there is 50 percent of 

the material passing through the sieve, R equals 0.5. The mean fragment size is 

expressed by xm or x50 then: 

�N = >7 
(�.�J�)�/0  ……………………(12) 

The above equation represents material retained on the sieve, and the equation can 

be modified to represent material passing given by: 

�O = � P ���.�J�Q �
�I�RS

…………...(13) 
Where Rm is the percentage passing, x is the mesh sieve size, and the only unknown 

in the equation is the uniformity index (n).  Figure 2.5 depicts a typical fragmentation 

size distribution curve 

            

              Figure 2.5: Example of a fragmentation distribution curve (Solomon, 2015) 
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2.5.3 The Uniformity Index Function 

Cunningham (1983) determined the range of values of the Uniformity Index by 

observing the impact the blast design parameter had on the value of the index using 

a square blast pattern. The exponent (n) in the Rosin and Rammler equation is 

expressed by: 

0 = :�. � P �T �
�< U�V�

�� W
�.I

(� P =
� )(�

�) …………………..(14) 

Where, B is the burden (m), D is the diameter of the blast hole (mm), S is the spacing 

(m), W is the standard hole deviation (m), L is the charge length (m), H is the bench 

height (m). 

Cunningham (1987) observed that there was a 10 percent increase in the value of ‘n’ 

when using a staggered pattern. When desiring uniform fragmentation, high values 

of ‘n’ are preferred (Cunningham, 1987). 

Cunningham (1987), as cited in Tucker (2015), observed the following results when 

determining the Uniformity Index: 

• “The normal range of ‘n’ for blasting fragmentation in the reasonably competent 

ground is from 0.75 to 1.5, with the average being around 1.0. The more 

competent rocks have higher values of Uniformity Index. 

• Values of ‘n’ below 0.75 represent a situation of “dust and boulders” which, if it 

occurs on a wide scale in practice, indicates that the rock conditions are conducive 

to control fragmentation through changes in blasting. Cunningham (1983, 1987) 

observed that “dust and boulders” typically happen when stripping overburden in 

the weathered ground. 

• For values below 1.0, variations in the Uniformity Index ‘n’ are more critical to 

oversize and fines. For n = 1.5 and higher, muck pile texture does not change 

much, and errors in the judgment are less punitive. 

• The rock at a given site will tend to break into a particular shape. These shapes 

may be loosely termed “cubes,” “plates,” or “shards.” The shape factor has an 

essential influence on the results of the sieving test, as the mesh used is generally 

square, and will retain the majority of fragments having dimensions higher than 

the mesh size.” 
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2.6 Blast Efficiency 

Blast efficiency is the percentage ratio that relates to the expected mean 

fragmentation results from the Kuz-Ram model to the actual mean fragmentation 

result achieved. The actual fragmentation size results are obtained from the analysis 

of a series of blast fragmentation images (Kulula et al., 2017). The equation used to 

calculate the blasting efficiency ratio is expressed as: 

 

 �+!-�.02 �44��.�0�3 =  �	
)	 ∗ ���  …………………(15) 

Where, AF = Actual mean block fragmentation from the scaled image analysis. EF = 

expected mean fragmentation from the Kuz- Ram model. 

The blast efficiency equation is used to compare the actual fragmentation results 

against the predicted fragment results; the difference between the two represents the 

error between the two results. Knowing this error is essential because one could then 

adjust the Blastability Index (equation 1) by introducing Lilly’s correction factor ‘C(A)’ 

for the index. Equation 16 would then give the final Blastability Index equation 

� = �. �� � (��� + �	 + ��
 + �	) * C(A) …………………………(16) 

The correction factor C(A) would normally be between 0.5 to 2 (Cunnignham, 2015). 

The other alternative is to use the Uniformity Index parameters such as burden, 

spacing or powder factor to narrow the difference between the predicted results and 

actual results, thus refining the prediction model for the next blast. The adjustment is 

made by choosing one parameter at a time, and changing the value and assessing 

the fit of the curve with the actual fragmentation curve. 

2.7 Cost Modelling 

Costs are an integral component of any business venture. A variety of activities in a 

business generates associated costs. For companies to create value, they must be able 

to identify and optimise their costs, improve their efficiency and increase their productivity. 

There are different types of expenses that any business will incur. Types of costs 

discussed are: 
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• Direct costs: These costs, by definition, are the expenses that any company can 

easily connect to a specific cost element. These are labour costs, supervision, 

power, fuel, equipment replacement, maintenance, and consumables (Anon, 

2018). 

• Indirect costs are also known as owning costs; these costs are not related to 

production units. They are composed of investments and depreciation as 

governed by the host country’s tax policies and regulation (Anon, 2018). 

Several methods are used to calculate costs, such as the actual costs/actual output, 

average costs, first in first out, and specific identification (Anon, 2018). The most common 

and natural of the methods to apply is the actual cost/actual output method. This method 

is the ratio between actual costs and actual production, resulting in unit cost. 

The costs discussed in this research focus only on drilling and blasting costs using the 

actual costs/actual output method. The reasons for preferring this particular method was 

that, first, mining activities are contracted out, and the contractor provides unit mining 

rates. Secondly, there was no access to the contractor financial data to compute the 

individual elements of the unit cost. As such, the theory behind the calculation of drilling 

costs was provided for academic purposes 

2.7.1 Drilling Costs 

The drilling costs are made up of a combination of different costs components. These 

components are both the direct costs and the indirect costs. The costs of drilling are 

in cost per metre drilled ($/m). Jimeno et al. (1995) as cited by Rajpot (2009) 

developed the equation to relate both the direct and indirect costs components. The 

drilling costs are given by: 

 

XYZ =  XF VX. VX� VXE VX[ VX\ VX] 
^&   …………………..(17) 

 

Where Indirect costs components are CA and Ci, CA is the depreciation rate ($/h), Ci 

is the insurance and interest rate. The remaining elements of the equation are direct 

costs. CM is the Repair and maintenance ($/h), CO is the labour ($/h), CE is the energy 

or fuel ($/Kwh) or ($/L), CL is the oil, grease, and filters ($/h), CB is the rods, bits, and 
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shanks ($/h) and the PR is the productivity (m/h) (Rajpot, 2009). When developing 

drilling cost rates, it is imperative to deconstruct the equation into its components of 

direct and indirect costs. 

a) Direct Costs: 

Maintenance costs (CM): The maintenance costs consist of two components: 

preventative maintenance and repairs. The maintenance costs are made up of the 

total costs of lubricants, filters, labour and grease (Rajpot, 2009). These costs are 

usually between 15% to 20% of the power costs of the machine and are expressed 

as mechanical availability (Rajpot, 2009). The mechanical availability was given by 

operating hours divided by total operating hours plus the maintenance hours. 

The repair costs are calculated by multiplying the delivered price of the machine and 

the interpolation factor, then divided by the useful life of the machine (Rajpot, 2009). 

Therefore, the costs of preventative maintenance and repairs is given by: 

N� =  _*61��!-� *1.��/����` ∗  	1 (%) ………………….(18) 

Where, FR is the reparation factor (given by manufacturers) and must include the 

cost of spares and maintenance (Rajpot, 2009). 

Operating Costs (CO): These costs are made up of direct labour costs of drillers and 

their helpers, and it includes their fringe benefits (Rajpot, 2009). 

Fuel and Energy Costs (CE): These costs depend on the type of energy source used 

by the machine. These sources of power are either electric or fossil fuel (Rajpot, 

2009). 

N)  =  �,b�1 �* � :+.�1�-
�* < ∗  $/� ……………(19) 

N)  =  �,b�1 Lb� ∗  $/Lb� ………………..(20) 

Costs of Consumables (CM): The nature of the rock being drilled through influences 

the cost of consumables such as sleeves, bits, shanks and hammers. Harder rocks 

have a greater impact on costs. The consumption of the consumables mentioned 

above usually costs between 15 to 40 percent of the total drilling costs (Rajpot, 2009). 



 

30 | P a g e  
 

The cost of the pipes are calculated by Equation 21. 

�7 = d+ ∗ ed+ V �*
��* f ..………………..(21) 

 

 Where Lm is the length of pipe in metre, dl is the length of blasthole and Lp is the length 

of the pipe in metres. The cost of the bits and hammer is calculated as a total cost 

divided by the useful life of the consumable. The tricone bit life is given by (rotary drill 

machine): 

 

�.4�(7) =  �A.�T∗ d�.II ∗ )dg�.��
81  ∗ �;d …………….(22) 

Wher d is the diameter (inches), Ed is the pull-down force on the bit (kN), Nr is the 

rotary speed (r/min), and Vd is the penetration rate (m/h) 

b) Indirect Costs 

Insurance and interest rate cost (Ci): Jemeno (1995) developed an equation for 

calculating this cost and is given by: 

N
 =  8h�
�8 ∗ �*∗ (
V
0 V�)% 

=�  …………………….(23) 

Where N is the service life years, Pp is the purchase price; I is the interest rate, In is 

the insurance, T is the taxes and Wh is the work hours per year. 

Depreciation Cost (CA): Garrison (1991) as cited by Rajpot (2009) defines 

depreciation as “deterioration produced by use and due to ageing and loss of value. 

Depreciation is closely tied to the useful life of an asset, with year by year depreciation 

deductions typically computed by a variety of method.” Salvage value is subtracted 

from the asset cost, and only the remainder is depreciated (Rajpot, 2009). Wagner 

(1987) developed the equation for calculating machine depreciation costs, as shown 

by Equation 24. 

Hourly depreciation cost = 
�,�!+ d�+./�1�d *1.��

�,�!+ 6-�46+ �,61-   ……………….(24) 
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This equation does not account for resale or salvage value. Therefore the total 

ownership costs are given by: 

Total hourly owning costs = Hourly investment cost (CI) + Hourly depreciation cost 

……….. (25) 

The author was assured by the contractor representatives that the cost equations 

stated in section 2.6 are indeed correct and that they are using them in determining 

the drilling rates to be charged to Ruashi mine. 

2.7.2 Single Blast Hole Cost 

When calculating the cost of one blast hole, the cost equation must incorporate both 

the explosives and accessories cost per hole and the drilling cost per hole drilled. The 

cost equation per hole is thus given by Equation 26 

          N,-� *�1 i+!-� �,+� =  j_(� ∗ ��) ∗ 60.� �,-� ��*+,-./�-` + !���--,1.�- �,-� *�1 �,+�lm 
+ _d1.++.02 �,-� *�1 7���1 ∗ �,+� +�02�� `…………………(26) 

Where M is the mass of explosives per metre, Le is the length of charge. 

The total cost of drilling and blasting is, thus, the cost per blast hole multiplied by the 

number of holes to get the total cost per blast polygon. Depending on the pattern used 

and the drill hole diameter used, the total cost per polygon is expected to vary. 

2 .8  Chapter Summary 

This chapter outlined the different fundamental theories applied in drill and blast 

operations. In particular, the application of theories such as the Kuz-Ram model in 

determining the blast fragmentation size distribution based on the influence of the 

different parameters such as rockmass condition, blast design geometry, and 

explosive properties. The chapter further provided the foundation for modelling the 

drilling costs and explosives cost, which, when combined form the overall drill and 

blast costs model for any size fragment distribution. 
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CHAPTER 3 

Research Methodology 

 

3.1 Introduction 

This particular section of the report will focus on the data collection methods, data 

tools, analysis tools that were used in the application of the Kuz-Ram fragmentation 

on the three test sites selected in Ruashi mine. Three test sites were chosen based 

on the different rockmass condition from massive to friable conditions, with varying 

hardness factors and density. The Monte Carlo Simulation technique was used to 

determine the optimal blast size distribution given the varying blast geometric patterns 

and the different rockmass characteristics. Image analysis was used to compare and 

validate the blast design properties based on the actual results received. 

3.2 Data Collection 

Data collection is the process of gathering specific information that is required to 

answer the research questions (Babbie, 2004). There are several issues associated 

with data collection, including the use of primary or secondary data, research design, 

sampling (Babbie, 2004). Data can be primary or secondary, and whether one or both 

are used, and which is used, depends largely on the research question and the 

availability of these data sources (Davies, 2004). Primary data refers to the first-hand 

physical collection of data the researcher will collect to answer the research question. 

In contrast, secondary data would be data gathered from others or other studies.  

Naturally, a descriptive quantitative study involves measuring one or more variables 

in some way (Leedy, 2015). The collection of data is essential in ensuring that the 

data is captured correctly, and the information can be used to answer the research 

question. The data collected for blast fragmentation modelling had three main 

categories: rock mass characteristics, blast design geometry, and explosives properties. 

These three listed categories, within them, contain some variable inputs parameters 

that can influence the blast fragmentation process. The data collected in both the pre 

blasting stage and the post blasting stages will differ in both nature and purpose. 
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3.2.1 Pre Blasting Data Collection 

The data collected at this stage is used to design an effective and efficient blast for 

the prevailing rock conditions. Information gathered concerning the rockmass 

includes geological mapping, rockmass characteristics such as rock type, rock 

density, uniaxial compressive strength, joint spacing, and joint orientation. Data is 

collected using joint mapping and geotechnical data logging.  

The explosive properties contain information such as; the type of explosives to use 

(emulsion or ANFO), density, explosives strength and the velocity of detonation. The 

overall pit environmental conditions (wet or dry) is also an essential factor to consider 

in determining the type of explosives to be used. The proximity of Ruashi pits to 

community settlements necessitate for the establishment of additional safety 

precautions to reduce and prevent fly rocks, excessive ground vibration, noise, and 

dust from impacting the community.  

To this end, the establishment of a safe blast zone is critical to the operations. Before 

any blast can be conducted, an evacuation notice and blast plan are circulated within 

the community and spotters made up of members from the community are allocated 

and stationed at various predetermined locations in the settlement. 

3.2.2 Post Blast Data Collection 

Concerning the blast result, data collected at this stage consist of information such 

as heave height, throw distance, diggability of material, fragment size distribution, 

back break extension on the bench and pit floor condition. In adhering to community 

safety obligations, pictures of damaged infrastructure and reports of any safety 

incidents are recorded together with data received from a blast monitoring system. 

Methods used to collect some of the data used in the post-blast analysis consist of a 

video recording of the blast, images of fragmentation size distribution, recordings from 

the vibration monitoring system and records of actual costs incurred. 
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3.3 Rockmass Properties Data for Test Sites 

Ruashi mine commissioned a geotechnical study in 2011 to investigate the influence 

of rockmass properties and weathering on the pit slope design. The geotechnical 

drilling focused on the southern side of Ruashi-3 and Ruashi-2. The analysis of 

geotechnical information recovered from boreholes RGT3 to RGT9 (drilled in Ruashi-

3) showed some of the following results (see Appendix B for details): 

• The rock mass rating (RMR) improved with depth from the surface. 

• Weathering is extensive at shallow elevations above 1200 mRL (reduced metre 

level). 

• The transition zone is highly fractured and slightly weathered  

• The moisture content decreased with an increase in rock density. 

• The friction angle of the rock increased with increasing density of the rock 

Figure 3.1 depicts the position of the geotechnical holes relative to Ruashi-3 and 

weathering zone.  

 
 

Figure 3.1: Geotechnical boreholes relative to Ruashi-3 design (brown) 

and the fresh-weathered contact (blue) 

The most common rock types encountered in the Ruashi pits are dolomite, siltstone, 

shale, sandstone, and breccia. Figure 3.2 provides a visual depiction of the rock 

RGT6 

RGT8 
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quality from cores recovered from the transition zone (sample-A: from RGT6) and 

fresh domains (sample-B: from RGT8) carried out in Ruashi-3. 

 

Figure 3.2: Core samples from boreholes RGT6 and RGT8 

A summary of the rock strengths and densities of the different rock types is outlined 

in Table 3.1 (for detailed results see Appendix B, Table B2). 

Table 3.1: Ruashi rock properties 

Rock Types UCS (MPa) Elastic Modulus 

(GPa) 

Density (kg/m3) 

Shale 42 35 2.31 

Siltstone 63 14 2.66 

Sandstone 88 60 2.73 

Breccia 82 55 2.42 

Dolomite 79 53 2.71 

 

Given the results of the geotechnical study report as summarized earlier, three test 

sites were chosen, namely Pit3_South-East, Pit3_South, and Pit3_South-West. 

Table 3.2 provides a summary of the rockmass data for each test site selected for the 

study. 
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Table 3.2: Summary of rockmass conditions 

Ruashi_3 South-East South South-West 

Rock-type Sandstone & 
Dolomite 

Sandstone & 
Siltstone 

Shale & Breccia 

Density (Kg/m3) 2.70 to 2.73 2.66 to 2.73 2.31 to 2.42 
Average UCS 

(MPa) 
84 76 62 

Average Elasticity 
(GPa) 

56 38 45 

RMD Solid / Massive Slightly fractured 
to Massive 

Fractured and 
Blocky 

JPS Closed Intermediate Moderate 
Separation 

JPO Horizontal Out of Face Normal to Face 
Blastability 
Category 

Medium Medium Soft 

 

There were no test sites planned for the northern side of the Ruashi_3 because areas 

in this part of the pit were mainly free dig areas. Figure 3.3 depicts the position of the 

blasting areas in Ruashi_3 relative to weathering domains as indicated by the legend. 

 

Figure 3.3: Blast site locations relative to different weathering domains 

Each test location was planned to have a minimum of three blasts performed with a 

total of nine blasts. However, in the end, eleven tests were done for the entire study. 

The rationale to conduct test blasts in different rockmass characteristics and 
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weathering domains was to establish a suitable blast pattern that will cater to the 

prevailing and predominant rockmass conditions and deliver optimum blast fragment 

size. 

The rockmass is not a homogeneous and isotropic piece of material. It contains some 

variabilities ranging from rock strength, joint spacing, hardness, elasticity, and joint 

orientation. Particular attention must be placed in understanding the interaction of 

variables such as joint spacing, rock hardness, and explosive energy. This 

relationship can have a significant effect on the blast size fragment distribution. 

3.4 Blast Design Process 

When constructing a blast design layout, it is imperative to consider the prevailing 

rock mass condition. This consideration is essential in assisting the design process 

in determining the choice of explosives to use, the burden and spacing requirements, 

and blast direction relative to the predominant joint sets.  

Depending on the size of the blast area and the different types of lithology 

encountered, one could have different blast patterns for different rock mass 

conditions, or the blast pattern can be tailored to fit the hardest rocks encountered in 

the blast zone. Figure 3.4 outlines the general process followed in the design of the 

blast 

 

Figure 3.4: Blast plan process flowsheet 

Table 3.3 represents the blast patterns together with the simulation conditions that 

were used for the respective simulation scenarios in each of those areas. 
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Table 3.3: Blast patterns with simulation conditions 

Ruashi_3 South-East South South-West 

Burden (m) 3 2.5 2 
Spacing (m) 3 2.5 2 

Bench height (m)  5 5 5 
Powder factor 

(kg/Bcm) 
0.65  0.35 to 0.65 0.30 

Simulation 
condition 

Dynamic burden, 
spacing and 

powder factor. 
Bench height 

fixed. 

Fixed burden and 
spacing. Dynamic 

powder factor. 
Bench height 

fixed. 

Fixed powder 
factor. Dynamic 

burden and 
spacing. Bench 

height fixed. 
Number of actual 
blasts performed 

3 4 3 

 

To achieve fair to good blasting results that produce the desired blast fragment size 

with a minimum air blast, reduced fly rocks incidents and reasonable ground vibration, 

the value of the bench stiffness ratio should be between two and three. The 

restrictions placed upon the bench height in Ruashi mine meant that the 5m bench 

height could not be changed and will be maintained. The bench stiffness ratio (SR = 

H/B), as shown in Table 3.4 was used to design the geometric blast pattern for Ruashi 

mine.  

Table 3.4: Burden to stiffness ratio 

Burden, m Bench Height, m SR 

1.0 5 5.0 

1.5 5 3.3 

2.0 5 2.5 

2.5 5 2.0 

3.0 5 1.7 

3.5 5 1.4 

4.0 5 1.3 

 

Given that the bench height at the mine is 5m, the recommended burden range is 

between 1.5m to 2.5m. The blast pattern at mine generally alternates between 

staggered pattern (S/B = 1.1) and square pattern (S/B =1). Table 3.5 outlines the 

minimum and maximum spacing for both the square and staggered blast pattern. 
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Table 3.5: Burden to spacing ratio 

Square Pattern 

Burden, m Pattern Spacing, m 

1.5 1 1.5 

2.0 1 2.0 

2.5 1 2.5 

Staggered Pattern 

1.5 1.1 1.65 

2.0 1.1 2.20 

2.5 1.1 2.75 

 

The drill diameter used at the mine is 105mm and 127mm depending on the rockmass 

encountered. The stemming length depends on the nature of the stemming material 

used. The stemming material generally used is the drill chips. However, crushed rock 

may be used at times. The general rule for the stemming length is 0.7 times the 

burden for crushed rock and 1.2 times the burden for drill chips. 

Stemming length, together with the stemming material, is crucial in the rock 

fragmentation process. Stemming ensures that the explosive energy is contained 

within the rockmass to have a maximum effect in breaking the rockmass. The 

geometric blast pattern parameters such as burden, spacing, stemming length, 

charge length can have a significant degree of variability, which could influence the 

blast results both positively or negatively. 

3.5 The Kuz-Ram Model population 

Cunningham (1983, 1987), Rosin and Ramler (1933), Kuznetsov (1973) and Lilly 

(1986) are some of the researchers who had a profound impact on the development 

of predictive blast fragmentation models used widely in the mining industry. Chapter 

2 of this report outlines in detail the theories and equations used in the development 

of the Kuz-Ram model. In short, the model predicts fragmentation from blasting in 

terms of the mass percentage passing through the screen or mesh size. 

The challenge the operators encounter in using any of the models (even latest 

models) generally consists of the following issues: 

• Definition of the rockmass properties. 
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• Establishing relevant explosive’s performance indices. 

• Determination of actual blast fragmentation. 

There are two essential equations which form the necessary foundations of the Kuz- 

Ram model. They are the modified Kuznetsov and the Rosin-Rammler equations ( 

Denoted by Equation 10 and 13 respectively). The crucial parameters in determining 

the mean particle size by the Kuz-Ram model are rock factors and explosive’s 

properties. The fragmentation distribution by Rosin-Ramler depends on both the 

mean fragment size and the blast pattern deployed in the blasting practice. Microsoft 

Excel was used to establish the Kuz-Ram model, as shown in Table 3.6.  
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Table 3.6: Kuz-Ram model 

1. Intact Rock Properties 

Rock Type Dolomite and Sandstone  

Rock Specific Gravity 2.72 SG 

Elastic Modulus 56 GPa 

UCS 83.5 MPa 

2. Jointing 

Spacing 0.1 m 

Dip 40 deg 

Dip Direction 0 deg 

In-situ block 0.3 m 

3. Explosives 

Density 1.1 SG 

RWS 100% (% ANFO) 

Nominal VOD 4800 m/s 

Effective VOD 4500 m/s 

Explosive Strength 0.88  

4. Pattern Design 

Hole Diameter 102 mm 

Charge Length 2.5 m 

Burden 2.5 m 

Spacing 2.5 m 

Drill Accuracy SD 0.1 m 

Bench Height 5 m 

Stemming length 3 m 

Mass per Meter 8.98 kg/m 

Broken Volume 34.38 m3 

Powder Factor 0.65 kg/tonne 

Charge Density 0.65 kg/m3 

Charge Weight per hole 22.46 kg/hole 

5. Kuz-Ram Model 

Blastability Index, A 5.67  

Average Size of Material, X50 16 cm 

Uniformity Exponent, n 1.19  

Characteristic Size, Xc 0.22 m 

6. Predicted Fragmentation 

Percent Oversize 6.7% m 

Percent In Range 60.3% m 

Percent Undersize 33.0% m 

7. Fragmentation Target Parameters 

Oversize 0.5 m 

Optimum 0.3 m 

Undersize 0.1 m 
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The model consists of seven sections. The first and second section contains 

rockmass parameters which have been collected from geological mappings and 

geotechnical report, as shown in Figure 3.2 and Table 3.2. 

The third section contains explosive properties data provided by the manufacturer of 

the explosives. The velocity of detonation and explosives strength have a significant 

impact on the rock breaking process. These factors could be varied in the simulation 

work to determine their influence on the powder factor and the mean fragment size 

when maintaining a constant burden to spacing ratio. 

The fourth section contains blast geometric parameters such as the burden, spacing, 

stemming and charge length and the resultant powder factor. The burden and spacing 

could be varied while maintaining a constant powder factor to determine the mean 

fragment size. The converse could be done by modifying the powder factor and 

keeping a constant burden to spacing ratio. 

Section five deals with the Kuz-Ram parameters achieved by the blast pattern and 

the powder factor. These parameters then feed directly into the Rosin-Rammler size 

fragment distribution. A comparison of the predicted blast distribution results with the 

actual results achieved from image analysis was made to determine the relationship 

between the simulation and the actual results. 

Section six deal with the proportion of the blasted material within the stipulated 

categories of minimum, maximum, and optimum size. While section seven allows for 

the target parameters to be specified. In this case, Ruashi mine specified that 

undersize material is <10cm, the optimal size is 30cm and oversize is >50cm. The 

objective was to ensure that 80% of the material is below 50cm, and at least 50% of 

the material is near 30cm (optimal size). 

After determining the Rosin-Rammler parameters such as the Blastability Index (A) 

and the mean fragment size (x50), it is now possible to construct a cumulative 

percentage graph of particle sizes passing through a predetermined mesh size. The 

Rosin-Rammler model produced a cumulative fragmentation size distribution, as 

depicted in Figure 3.5. 
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Figure 3.5: Cumulative percentage passing graph 

The blasting engineer can choose to categorize his muckpile size distribution into 

three size fragment categories, undersize, optimum size, and oversize. The undersize 

fragment is the lower bound size or finer fragment size; the oversize is the upper 

bound or coarser part of the blasting, and the optimum size is the most likely fragment 

size. 

 

3.6 Monte Carlo Model Simulation 

Monte Carlo simulation is merely a mathematical technique that accounts for 

uncertainty or risk in the quantitative analysis and decision-making processes. The 

method ascribes a probabilistic distribution to input values. Thus, the results of any 

model or study that are based on probabilistic inputs are themselves a probabilistic 

distribution. 

Natural materials such as rocks are neither homogenous nor isotropic and tend to 

display some variability in their properties, i.e. joint spacing, hardness, rock strength, 

and elasticity. There are two types of variability, namely systematic and random. 

Stochastic methods such as Monte Carlo simulation is not suited for systematic 

variabilities, and hence, the kind of variables analysed here are random. 

The drilling process also introduces some degree of variability in the blast design. 

These variables are in the form of hole deviation, irregular spacing to burden ratios 

and non-uniform hole depths. The effect of these variations could result in non-uniform 

blast fragment size distribution resulting in the muckpile consisting of a significant 

proportion of boulders and fines. 
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Monte Carlo simulation packages such as @Risk are very efficient in conducting 

hundreds of what-if scenarios where input data is given an appropriate statistical 

distribution to assess and quantify the output distribution. Figure 3.6 depicts the 

Monte Carlo Simulation process. 

        

Figure 3.6: Monte Carlo simulation process (Thornton et al., 2001) 

The blast fragment simulation process is as follows: 

• The input data for explosives parameters, blast design parameters and 

rockmass characteristics were collected from a variety of sources such as lab 

reports, mappings and geotechnical reports. 

• A suitable statistical distribution that carefully describes the variability is 

assigned, such as the triangular or normal distribution. For example, rockmass 

data and explosive data was assigned normal distribution or lognormal 

distribution, and the blast pattern design data was assigned triangular. 

• A simulator is then run to determine a range of possible fragmentation size 

outcomes. 

• The mean and confidence interval of the output results are provided at the end 

of the simulation work. 

• A sensitivity analysis of inputs with a major influence on the outcome can be 

determined, and this assists in the decision-making processes. 

Figure 3.7 depicts the input parameters that were assigned statistical distribution 

from Table 3.6 in order to perform the Monte Carlo Simulation process. 
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Figure 3.7: Input parameters with respective statistical distributions 
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3.7 Application of the Simulator to the Study 

One of the critical aspects of simulation is the knowledge or understanding of the kind 

of distribution the input data represent. There are three commonly used distribution, 

namely the normal distribution, pert distribution and triangular distribution. The pert 

and normal distribution have the mean (most likely value) and the standard deviation. 

Whereas the triangular distribution has the minimum value, most likely value and the 

maximum value. 

The distribution to use or apply depends on the knowledge of the user and his intuition 

(very subjective), expert opinion or industry data. The rockmass and explosive 

parameters were assigned the normal and lognormal distribution. The author believed 

these statistical distributions best suited the input parameter data set. The triangular 

distribution was assigned to the blast design pattern because the minimum and 

maximum limits were known for parameters such as the burden, spacing, stemming 

and drill bit size. Figure 3.8 depicts the rock specific gravity results with normal 

distribution applied to them. 

 

Figure 3.8: Rock specific gravity distribution 

The output results that the study assessed are, the Mean fragment size (X50), the 

Characteristic size (XC), Blastability Index (A), and the Uniformity Index (n). The 

simulation process follows the process as described in Section 3.6 with minor 

differences in the study: 
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• In the first run of the simulation, all the essential input parameters are assigned 

various distributions and allowed to run without placing restrictions to any 

parameter. The sensitivity analysis of the results will then show the influence  of 

all the inputs parameters relative to the output results. 

• In the second simulation run, restrictions or constraints are placed on the burden, 

spacing, drill diameter, hole length, and the powder factor is allowed to be 

dynamic and unrestricted. A sensitivity analysis study was performed on the 

output results to determine the input parameters with the major influence on the 

output results. 

• On the third run, the powder factor is constant or restricted, and the blast design 

parameters are dynamic. Sensitivity analysis studies are also conducted to 

determine the influence of the input parameters. For all the simulation runs, the 

rockmass parameters are left to be dynamic. 

• Different relationship graphs are plotted to determine the relationships between 

the input parameters and the output results. 

• The mean fragment size results from the different simulations are compared with 

the actual mean fragmentation size obtained from the image analysis to 

determine the simulation results, which best represents the actual results. 

• The costs of the actual blast results are plotted against the simulation output 

results. The actual results achieved are then also compared against these costs 

to determine the blast efficiency and reliability of the simulation. 

3.8 Scaled Image Analysis by Wipfrag 

In this phase of the study, the objective was to analyze the fragment size distributions 

achieved by blast design. The analyzed mean fragment size (x50) from the image 

analysis was compared with the Kuz-Ram model (x50) value. Image analysis is the 

most effective and efficient way to study blast fragmentation results. Several image 

analysis software products are available in the market, such as Split software and 

Wipfrag. 

The image analysis process begins with the acquisition of a clear evenly lit image. 

The image quality is essential in image analysis. Good quality pictures reduce the 

amount of editing required and give optimized results. The scaled image of 

unconsolidated material or broken rock is converted into a “net” of fragments as 

depicted in Figure 3.9. 
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Figure 3.9: Blast fragment image with a net 

Wipfrag software allows comparisons of the resultant nets against the blast 

fragmentation images to manually correct errors in the net. There are generally two 

types of errors found in image analysis, fusion and disintegration. Fusion error occurs 

when the net combines small particles giving them the appearance of one uniform 

large size particle. Disintegration occurs when large nets of large rocks are broken 

up into smaller particles, giving the effect of large particles appearing as small 

particles. 

Heat maps are used by the software to indicate fragments of different sizes, ranging 

from large (red/hot colour) to small (blue or cold colour). The areas with warm colours 

indicate large size (Xc, D80, and D95) with small sphericity (sph) and lower Uniformity 

Index value. Whereas, cold colours indicate the areas with small size (Xc), larger 

sphericity and larger Uniformity Index value. The images were scaled using two 65cm 

reference sticks. Each blast site location had three best images of the muckpile taken 

from different directions to cover as much of the muckpile as possible. Figure 3.10 

depicted the heat map of varying fragment sizes. 
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Figure 3.10: Blast image with a heat map 

The scaled images are then analyzed individually and then combined to give the 

overall representative fragmentation statistics. The results then represent the actual 

blast fragmentation and are used for comparison purposes with Kuz-Ram simulation 

results. Wipfrag measures the ‘nets’, displays and plots the fragmentation statistics 

and produces the graphs as depicted in Figure 3.11. 

 

Figure 3.11: Cumulative particle size distribution curve 
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3.9 Regression Analysis 

Quantitative data analysis techniques such as calculation of statistics, constructing of 

summary tables, creating graphs and employing advanced statistical analysis 

techniques will help to explore, describe, present and examine relationships and 

trends within data (Renseburg, 2017). Regression analysis is a form of predictive 

modelling techniques which investigates the relationships between a dependent 

(target) and independent variables (predictors). The method is used for forecasting, 

time series modelling, and finding the causal effect relationship between the variables 

(Renseburg, 2017). Figure 3.12 depicts the relationships between the Blastability 

Index and specific rock gravity. 

 

Figure 3.12: Blastability Index vs rock specific gravity 

The benefits of using regression analysis are: 

• It indicates the significant correlations between dependent and independent 

variables. 

• It indicates the strength of the impact of the multiple independent variables on 

a dependent variable. 

• Allows for the effect of variables measured on different scales to be studied. 

Thus, assisting in evaluating the best set of variables to be used for building 

predictive models. 

Several regression techniques could be used, such as linear regression, logistic 

regression and polynomial regression. The regression technique to use depends on 
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the independent and dependent variables, dimensionality in the data and other 

characteristics. In this study, linear regression was used to study the causal effect 

between variables measured on different scales. 

After plotting the various relationship graphs of the input parameters against the 

output parameters (Blastability Index, mean fragment, and Uniformity Index), a 

sensitivity analysis of the outcome results is conducted to determine the inputs with 

the most significant impact of the output results. The causal relationships of the 

prominent input parameters against parameters such as mean fragment size and 

blast pattern geometry are then determined. 

The identified significant input parameters become the prominent factors that are 

focused upon in designing a blast plan that will deliver optimal fragmentation size. 

Figure 3.13 depicts the tornado graph of the inputs with the most significant impact 

on the mean fragment size. 

 

Figure 3.13: Sensitivity analysis of the mean fragment size 

3.10 Model Validation 

To ensure that the results obtained from the blast simulation work performed in 

Microsoft Excel are reasonable and accurate, a validation process is undertaken. The 

actual results achieved from image analysis are compared with the simulation results 

from Microsoft Excel to determine the degree of variability between the actual 

fragmentation distribution and the expected fragmentation distribution from the 

simulation. 
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The simulation results should be within the 20% error region of the actual 

fragmentation distribution to be declared reasonable. If the error is significant, the 

outcome results of the simulation are adjusted by a factor to bring them in line with 

the actual results. On the next blast simulation for a new blast polygon, the adjusted 

input parameters are then used to run the simulation. 

Once, the simulation results are declared reasonable; the blast efficiency can be 

calculated as stated in Chapter 2, section 2.6. The ideal outcome is that the actual 

mean fragmentation size results should be between +20% to -20% of the 

expected/predicted mean fragmentation size. 

3.11 Blasting Costs Calculation 

The blasting cost consists of two components, drilling cost and explosives cost. The 

mine usually blasts between 400 holes to 800 holes per blast. In December 2018, 

eleven blasts took place. Figure 3.14 depicts the drilling operations in Ruashi south-

west polygon. 

 

Figure 3.14: Blast-hole drilling 

The mine utilizes SANDVIK model DX900i (Top Hammer) which can manage hole 

diameters from 89mm to maximum 140mm. Figure 3.15 graphically illustrates the 

increase in drilling costs relative to the increase in hole diameter, and this graph is 

developed from the information provided in Table 3.7.  
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Figure 3.15: Drilling costs (Adapted from Table 2.4) 

 

Table 3.7: Drilling costs. Adapted from Ruashi Mining Contract (2018) 

Diameter (mm) USD/m 

102 11.00 

115 13.00 

127 15.00 

140 16.00 

 

The bigger the drill bit diameter, the costlier it is to drill per metre. In Ruashi mine, 

both the grade control holes and blast holes are drilled using a 102mm bit. To 

determine the blasting costs of a single blast hole, it is essential to quantify the 

accessories and explosives consumed per hole. Other costs such as the delivery of 

explosives to the site are waivered against Ruashi mine (due to a contractual 

agreement which saw the supplier establishing a distribution magazine on Ruashi 

Site). The explosives costs are variable and depend on the amount consumed per 

hole. To quantify the total cost involved in the blasting process, the individual cost 

items that make up the blasting costs are derived from the number of drilled holes to 

be blasted. The unit costs of the explosives items used were derived from Table 3.8  
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Table 3. 8: Explosives and accessories costs. 

Adapted from Ruashi Mine Explosives Prices List (2018) 

Initiation Systems 

Item Units/Box USD/Unit Cost/Unit or kg Cost/Unit or kg 

Cordtex 10 gm/m 

(2 x 350m) 

700 690.00 0.99 0.99 

Explosives 

Item Units Kg/Unit USD/Unit USD/kg 

Anfex Bags 25 71.66 2.87 

P100 Emulsion Bags 1000 1614.66 1.62 

Pentolite Booster 

150gm 

Pack 120 642.95 5.36 

Detonators 

Item Units/Box USD/Box Cost/Unit Cost/Unit or kg 

Benchmaster 7.5m- 

500ms 

150 735.36 4.90 4.90 

Handite 7.5m-0ms 150 735.36 4.90 4.90 

Handite 7.5m-17ms 150 735.36 4.90 4.90 

Handite 7.5m-25ms 150 735.36 4.90 4.90 

Handite 7.5m-42ms 150 735.36 4.90 4.90 

IED 1000 1243.00 1.24 1.24 

 

Ruashi mine uses one detonator with a booster placed at the bottom of the blasthole. 

Table 3.8  above outlined price list of explosives and accessories that are used in the 

blasting process. The full price list is provided in Appendix A, Table A1.  

The blast hole positions and hole depths are surveyed, before charging of the holes 

can take place. The volume of rockmass to be blasted and the explosive quantities 

required are calculated. The blast tie-up plan depicted in Figure 3.16 is developed in 

conjunction with the explosive supplier, and the explosive order is then placed after 

all the designs are approved. 
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Figure 3.16: Blast tie-up plan 

The kilogram of explosives and blasted volume are used to calculate the powder 

factor and cost per volume.  

3.12 Chapter Summary 

This chapter explains the methodology and application of the theoretical information 

provided in Chapter 2 of this study. Different methods were used to collect pre-blast 

input data and post-blast data such as mappings, geotechnical studies and image 

analysis of blasted material. The pre-blast data was used in the development of the 

Kuz- Ram model and the Rosin-Rammler distribution in Microsoft Excel. The @Risk 

software program was used to perform the Monte Carlo simulation studies on the 

polygon to be blasted. 

The process of assigning statistical distributions and performing sensitivity analysis 

in @Risk software was also explained. Scaled image analysis was performed using 

the Wipfrag software. The results of these images were then, compared with the 

simulation results to determine their correlation and accuracy. The results of the 

simulation studies and image analysis were used to predict the expected blasting 

costs for a range of fragment size. 
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CHAPTER 4 

Results and Discussions

4.1 Introduction 

This chapter presents the results obtained from the eleven blasts undertaken in 

Ruashi _3. The three test sites were assigned different simulation conditions in order 

to study the effects of the geotechnical and geometric blast design parameters on 

rock fragmentation. The South-East blast area parameters were allowed to be 

dynamic, the South blast area had a constant powder factor, and the South-West 

area had constant burden and spacing. 

The results presented henceforth draw relationship patterns between Blastability 

Index, Uniformity Index, and mean fragment size with respect to rockmass conditions, 

explosives parameters, blast design parameters, and unit mining costs. The 

relationships thus highlight the parameters with the most significant impact on blast 

fragmentation. The results for each test blast area are presented together under one 

heading. For example, results for Blastability Index for all test blast will be discussed 

under the heading Blastability Index. Detailed results are contained in Appendix D for 

each respective blast area. 

4.2 Blastability Index Results 

Three different blast areas with varying rockmass conditions were studied to identify 

how the rockmass conditions affect the fragmentation results. Each of these areas 

indicated varying ranges of Blastability Index values. In general, the Blastability index 

for the Ruashi rockmass was less than ten. Section 4.2.1 presents the distribution of 

the Blastability Index values results for the tests. 

4.2.1 Blastability Index Frequency Distribution 

The graphical results presented in this section show the blastability distribution 

frequencies for the three test sites. Figures 4.1, 4.2 and 4.3 depict the Blastability 

Index results obtained from the respective test sites. 
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Figure 4.1: South-West Blastability Index distribution 

 

              

Figure 4.2: South Blastability Index distribution 
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Figure 4.3: South-East Blastability Index distribution 

In the South-West and South-East areas, the joint spacing was 0.1m and above, and 

the rock density varied between 2.62 and 2.71 tonnes/m3. In these conditions, the 

Blastability Index distribution was found to be between 7 and 9 (Figures 4.1 and 4.3). 

In contrast with the results obtained for the South-West and South-East, the blast 

area in the South, where the joint spacing was less than 0.1m to none, the Blastability 

Index distribution was between 3 and 6, as depicted by Figure 4.2. The density in this 

area was 2.72 tonnes/m3. 

It was apparent from the Blastability Index results that rock density, joint spacing, and 

joint plane orientation influence the Blastability Index, as shown in Lilly’s Blastability 

Index Equation 1. It was also evident from this equation that there is a linear 

relationship between Lilly’s equation variables, of significance, was to determine 

which of these parameters have the most impact on the Blastability Index for the 

encountered rockmass. In order to establish the nature of the causal relationship 

between the different parameters, a sensitivity analysis was performed for each blast 

area, and their results are presented in Section 4.2.2. 

4.2.2 Blastability Index Sensitivity 

This section shows the sensitivity analysis of the Blastability Index results to 

determine influential parameters to the Blastability Index. Figures 4.4, 4.5, and 4.6 

depict the results obtained from the sensitivity analysis. 
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Figure 4.4: South-West sensitivity analysis 

 

 

Figure 4.5: South sensitivity analysis 
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Figure 4.6: South-East sensitivity analysis 

Figures 4.4 and 4.6 (South-West and South-East) indicate that the parameter with 

the strongest influence on the Blastability Index is the rock specific gravity with the 

correlation coefficient at 0.94 (94%) for both areas. Figure 4.5 (South) sensitivity 

results were different from Figures 4.4 and 4.6. The rockmass in the South had fewer 

joints (less than 0.1m) and flatter dipping joints. In this regard, the parameters that 

were observed to have a significant influence on the Blastability Index were rock 

specific gravity and joint dip angle. 

Upon the conclusion of the sensitivity analysis work, parameters with the most 

substantial influence on the Blastability Index results for each respective blast area 

were identified. The scatter plot diagrams were drawn to depict the nature of the 

causal relationship between the influential parameters and the Blastability Index, and 

their results are presented in Section 4.2.3.  

4.2.3 Blastability Index Scatter Plots 

The scatter plots map the relationships between the various influential parameters. 

Figures 4.7 to 4.10 depict the nature of the relationship between rock specific gravity, 

joint dip, and Blastability Index. The focus is on determining the parameters with the 

highest degree of influence on Blastability Index. The regression coefficient indicates 

the strength of the relationships. 
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Figure 4.7: South-West Blastability Index vs specific gravity 

 

 

 

Figure 4.8: South-East Blastability Index vs specific gravity 
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Figure 4.9: South Blastability Index vs rock specific gravity 

 

 

Figure 4.10: South Blastability Index vs joint dip angle 

There was a positive relationship between rock density and Blastability Index, as 

shown by Figures 4.7 to 4.9. It was observed that the Blastability Index increased with 

the increase in rock density. Lower Blastability Index values were observed for the 

type of rock (sedimentary rock) encountered at Ruashi mine. Figure 4.9 shows the 

split in the data as a result of a bimodal distribution of the Blastability Index results, 

as depicted in Figure 4.2. Despite this split in the data, the trend was still consistent 

with the results obtained for the other blasted areas, which indicated a positive trend. 
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Figure 4.10 indicated that the Blastability Index was expected to increase with the 

increase in the joint dip. The steeper the joints, the higher the Blastability Index. This 

means that it is much easier to blast rocks with steep joints than those with flatter 

joints. It is also necessary to understand the direction of these joints relative to the 

blasting face (i.e. are these joints parallel to the face or perpendicular to the face) as 

this will influence the fragmentation size. 

4.3 Uniformity Index Results 

The Uniformity Index is mainly affected by the burden, spacing, bench height and drill 

hole diameter. The South-West blast was the only blast with constant burden and 

spacing, whereas the South and South-East areas had variable burden and spacing. 

The results of the Uniformity Index are presented in the following sections, starting 

with frequency distribution. 

4.3.1 Uniformity Index Frequency Distribution 

The section shows the Uniformity Index distributions results from the three test sites 

with varying drill and blast patterns. Figures 4.11 to 4.13 depict the spread of the 

Uniformity Index. 

 

Figure 4.11: South-West Uniformity Index 
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Figure 4.12: South Uniformity Index 

 

 

Figure 4.13: South-East Uniformity Index 
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The Uniformity Index values amongst the three test sites were low, which indicated 

that the muck piles were generally non-uniform in their size fragment distributions. 

The mine was generally not worried about fines; the biggest issue is having the 

majority of the muckpile comprising of larger blocks that are higher than 50cm max 

size limit. It is clear from this Uniformity Index distribution that the blasting geometry 

must be adjusted and a good pattern established to improve the Uniformity Index 

distribution.  

4.3.2 Uniformity Index Sensitivity 

The sensitivity analysis for the Uniformity Index results for the South-East and South 

blast areas were the same in terms of which parameters had a more significant 

influence on the Uniformity Index. These results were as expected, given that the 

blast geometric design elements (burden and spacing) were dynamic during the 

simulation runs. Figures 4.14 and 4.15 depict the parameters with the more significant 

influence of the index, which is the burden and spacing. 

 

Figure 4.14: South-East Uniformity Index sensitivity analysis 
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Figure 4.15: South Uniformity Index sensitivity analysis 

However, the sensitivity analysis results for South–West area indicated that the only 

parameter that affected the Uniformity Index results was the stemming length when 

the burden and spacing were constant. Figure 4.16 depicts the influence of the 

stemming length on the Uniformity Index for constant burden and spacing (South- 

West). 

 

Figure 4.16: South–West Uniformity Index sensitivity analysis 
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4.3.3 Uniformity Index Scatter Plots 

Figures 4.17 to 4.21 depict the relationship between the stemming, burden, spacing, 

and Uniformity Index for the South, South-East, and South-West blast areas.  

 

 

Figure 4.17: South-West Uniformity Index vs stemming length 

 

 
 

Figure 4.18: South-East Uniformity Index vs burden 
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Figure 4.19: South-East Uniformity Index vs spacing 

 

 

Figure 4.20: South Uniformity Index vs burden 
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Figure 4.21: South Uniformity Index vs spacing 

Figure 4.17 indicates that the Uniformity Index increases with an increase in 

stemming length. One could see from Figure 4.16 that in a constant burden and 

spacing scenario, the parameter with the most impact of the Uniformity index is the 

stemming length. 

The results for South-East and South blasts (dynamic parameters) are presented in 

Figures 4.18 and 4.20, which show that there is an inverse relationship between the 

burden and the Uniformity Index. These graphs indicate that smaller burdens produce 

more uniform material than large burdens.  

Figures 4.19 and 4.21 depict that the Uniformity Index has a positive relationship with 

the spacing. The Uniformity Index is expected to increase with the increase in the 

spacing. Also, when comparing the burden and spacing graphs with the Uniformity 

Index parameter, one can see that the burden has a much pronounced (higher 

Regression coefficient) influence compared to the spacing on the Index. The spacing 

to burden ratio is thus essential to ensure that the blast muckpile is uniform. Uniform 

muckpile promote efficient mining and crushing operations. 

4.4 Mean Fragment Size Results 

The factors that influenced the mean fragment results were the Blastability Index, 

powder factor, Uniformity Index, and the simulation conditions placed upon the blast 

areas. South-West area had its burden and spacing dynamic, and the powder factor 

was constant. The maximum powder factor of 0.30 kg/m3 was used for the blast 
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simulation. South-East blast area, on the other hand, had all its parameters dynamic, 

from the geometric design elements to geotechnical parameters, and the powder 

factor used in the area was 0.65 kg/m3.  

South blast area had a dynamic powder factor with constant burden and spacing. For 

South areas, two powder factors values of 0.35 kg/m3 and 0.65 kg/m3 were used. The 

idea of using two powder factors was to determine which powder factor produced the 

best fragmentation size distribution results when compared against the actual 

fragmentation results (image analysis). 

Section 4.4.1 presents the mean fragmentation size results achieved for the 

respective blast areas. Ruashi mine has the following size classification categories, 

undersize is material below 10cm, the optimal size is 30cm, and oversize material is 

above 50cm. 

4.4.1 The Mean Fragment Size Frequency Distribution 

The South-West blast fragmentation distribution results are presented in Figure 4.22. 

 

Figure 4.22: South-West mean fragment size distribution (PF = 0.30 kg/m3) 

The graph shows that 90% of the material is between 27cm and 49cm fragment size. 

The chart also shows that 50% of the material was below the mean fragment size of 

39cm. Further, 45% of the blasted material was between 39cm and 49cm fragment 

size. Given the max fragment size of 50cm was desired, one can see that 95% of the 
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material was below the cutoff limit of 50cm. This might be an ideal situation. However, 

it would have to be mindful of the associated costs drilling and blasting to achieve this 

scenario 

The South-East blast fragmentation distribution results are presented in Figure 4.23.  

 

Figure 4.23: South-East mean fragment size distribution (PF = 0.65 kg/m3) 

Figure 4.23 depicts that in the South-East blast area (with all parameters dynamic 

and powder factor of 0.65 kg/m3), the size fragment distribution is between 14.58cm 

and 26.99cm. Half (50%) of the material was below the mean fragment size of 21cm 

with 45% of the material being between 21cm and 27cm. In this scenario, more than 

97% of the blasted material was below the mine’s mean fragment size of 30cm. The 

mine required particle size at 50% passing to be 30cm and 80% passing to be 50cm. 

with the results of this scenario, excessive amounts of explosives would be used. This 

is not an ideal situation for a mine that is less than 120m from residential areas.  

Figures 4.24 and 4.25 depict the results of obtained from the simulation of South blast 

area.  
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Figure 4.24: South mean fragment size distribution (PF = 0.35 kg/m3) 

 

 

Figure 4.25: South mean fragment size distribution (PF = 0.65 kg/m3) 

For the South blast, Figure 4.24 and 4.25 results indicate that the size fragment 

distribution varies significantly between the two powder factors values with the high 

powder factor producing finer fragment size. The blast simulation results of areas with 

powder factor 0.35kg/m3 produced results that are closer to the target mean fragment 

size of 30cm. However, those of a higher powder factor (0.65kg/m3) produced 
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excessively finer fragment size that was below 20cm. This scenario was clearly not 

desired from a cost point of view.  

Due to the higher powder factor (0.65kg/m3) associated with the results of Figure 4.23 

and 4.25, the following concerns were raised: 

• The powder factor was too high for the type of rock encountered. 

• The proximity of the mine to residential areas gave rise to incidents of fly-

rocks reported by the community. 

• Excessive ground vibration destroying houses and the mine was having to 

compensate the community. 

• The higher powder factor would result in higher explosives consumption. 

4.4.2 Mean Fragment Size Sensitivity 

A sensitivity analysis was performed to identify parameters with the most significant 

influence on blast fragmentation size distribution. Given that different simulation 

conditions were placed upon each blast area, the results of the sensitivity analysis 

would indicate which parameters most influenced the blast fragmentation results 

under the set conditions per blast area. The South-West blast fragmentation 

sensitivity results are presented in Figure 4.26.  

 

 

Figure 4.26: South-West mean fragment size sensitivity analysis 
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Figures 4.26 indicated that stemming length, charge density, and explosive strength 

had a significant influence on the fragmentation size distribution for the South-West 

blast. When one fixes the burden and spacing, the only factors that would likely affect 

the fragmentation are down the hole parameters as already expressed above. 

The South-East blast fragmentation sensitivity results are presented in Figure 4.27.  

        

Figure 4.27: South-East mean fragment size sensitivity analysis 

In the South-East blast (Figure 4.27), all the blast design parameters were dynamic. 

In this case, the stemming length, explosive strength, and charge density are the 

major influencers. When studying results for South-East and South-West blasts, one 

can see that the factors with the most influence on mean fragment size are the same 

for fixed burden and spacing pattern and dynamic burden and spacing pattern.  

Figure 4.28 depicts the parameters that influenced the blast results achieved from the 

South blast area, where the powder factor was constant. In this case, joint dip angle, 

stemming length, and rock density were influential parameters. 
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Figure 4.28: South mean fragment size sensitivity analysis 

  

4.4.3 Mean Fragment Size Scatter Plots 

The degree of influence on fragmentation size was driven by the Blastability Index of 

each area and blast design pattern. The relationship for the most influential 

parameters, which are parameters with a correlation coefficient above 0.4, are 

presented in this section. The 0.4 correlation coefficient was chosen as the lower limit 

to determine parameters with a moderate to strong correlation. 

The majority of parameters selected to have an influence (those with correlation 

coefficient 0.4 and above) on the mean fragment size had a moderate to weak linear 

relationship with the mean fragment size. Their regression coefficient values were 

between 14% and 48%. Figure 4.29 depicts the relationship between the mean 

fragment size and stemming length for the South-West blast.  
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Figure 4.29: South-West mean fragment size vs stemming 

The graph showed that the greater the stemming length, the smaller the 

fragmentation size gets. This is because the higher the stemming length (Including 

the quality of the stemming material in terms of its interlocking properties), the more 

time the explosive energy will have in interacting with the rockmass thus producing 

the desired fragment size.  

The stemming was very important to determine the fragment size achieved, given 

that the burden and spacing, and the powder factor were already preselected. The 

longer the stemming length, the charge density remained more stable within the 0.30 

kg/Bcm and 0.4 kg/Bcm. This could be as a result of the dynamic hole diameter in the 

simulation run.  

Figure 4.30 depicts the relationship between the mean fragment size and charge 

density for the South-West blast.  
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Figure 4.30: South-West mean fragment size vs charge density 

The higher the charge density, the smaller the average fragment size. To achieve a 

finer fragmentation size, the powder factor (charge density) must increase. The 

charge per hole is another significant factor in determining the fragment size 

achieved. Given that both the stemming length and charge density affected the 

fragment size, it was interesting to compare the two variables against each other to 

test their relationship. There was no clear trend between the charge density and the 

stemming length, as depicted in Figure 4.31. 

    

Figure 4.31: South-West charge density vs stemming length 
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Figure 4.32 depicts the relationship between the mean fragment size and the 

stemming length for the South-East blast.  

 

Figure 4.32: South-East mean fragment size vs stemming length 

The graph depicts that, the longer the stemming length, the smaller the fragmentation 

size material. However, this must be counterbalanced with the explosive column 

charge to ensure good fragmentation.  

Figure 4.33 depicts the relationship between the mean fragment size and explosives 

strength for the South-East blast. The stronger the explosive, the smaller the average 

material size achieved. 

 

Figure 4.33: South-East mean fragment size vs explosives strength 
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Figure 4.34 depicts the relationship between the mean fragment size and dip angle 

for the South blast 

 

Figure 4.34: South mean fragment size vs dip angle 

The graph shows that the shallower the joint dip angle, the finer the fragmentation 

size will be. However, the strength of the relationship between the two variables is 

not that strong. 

Figure 4.35 depicts the relationship between the mean fragment size and rock 

specific gravity for the South blast. 

 

Figure 4.35: South mean fragment size vs rock specific gravity 
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Figure 4.35 shows that if the rock material being blasted has a lower rock density, 

finer fragmentation size materials is achievable. Figure 4.36 depicts the relationship 

between the mean fragment size and stemming length for the South blast. 

 

Figure 4.36: South mean fragment size vs stemming length 

The same conclusion is reached as in Figure 4.32 in that, the longer the stemming 

length, the smaller the fragmentation size material achieved 

4.5  Fragment Size Distribution from Simulation 

Given the differences that existed between the three blasted areas in terms of their 

geotechnical characteristics, geometric blast parameters and the simulation 

conditions, the fragmentation distribution graphs for these blast areas were always 

going to differ. Figures 4.37 to 4.43 depict a series of fragmentation size distributions 

achieved from the simulation studies of the blasted areas. Figure 4.37 shows the 

single fragment size distribution for South-East blast. 
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Figure 4.37: South-East blast fragmentation distribution (PF = 0.65 kg/m3) 

This single particle size graph shows that at 50% passing, the particle size was about 

18cm while at the 80% passing mark, the fragmentation size was around 28cm. For 

100% of the material passing, the fragmentation size was below 44cm. These results 

were within the required targets of the mine. However, the associated high powder of 

0.65kg/Bcm required to achieve this result was not acceptable as per the reasons 

explained in Section 4.4.1 concerning Figures 4.23 and 4.25. Figure 4.38 shows 

multiple simulation results not shown in Figure 4.37.  

 

Figure 4.38: South-East simulation output results (PF = 0.65 kg/m3) 
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The simulation results used to produce Figure 4.38 are contained in Appendix D15. 

Figure 4.39 shows the single fragment size distribution for South-West blast (powder 

factor 0.30 kg/m3). 

              

Figure 4.39: South-West blast fragmentation distribution (PF = 0.30 kg/m3) 

Figure 4.39 shows that at 50% passing, the fragment size was 35cm and 80% passing 

the fragment size was 76cm. The pattern of 2m by 2m with a powder factor of 

0.30kg/Bcm was not able to meet the target fragmentation size requirements. 

However, this was due to a shorter stemming length.  From the simulation results 

contained in Appendix D16, one can see that when the stemming length continues to 

increase, the fragment size improved dramatically. This points to the fact that, in a 

small drill and blast pattern, to get effective fragmentation size, one must be able to 

contain the explosive energy within the blast hole for longer. Figure 4.40 shows the 

other simulation results achieved for the fixed powder factor of 0.30kg/Bcm in the 

south-west blast.  
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Figure 4.40: South-West simulation output results (PF = 0.30 kg/m3) 

The sim80 results shows fragment size (30cm) passing at 53% and 88% of the 

fragment size spectrum up to top size (50cm) passing. This was achieved when the 

burden was 2.16m and spacing was 1,97m, while the stemming length was 2.37m 

with a fixed powder factor of 0.30kg/Bcm. Sim85 shows fragment size of 30cm 

passing at 55% and 50cm fragment size at 90%, when burden was 2.10m and 

spacing was 1.96m, stemming was 2.59m with powder factor of 0.30kg/Bcm. 

Therefore, in a blocky ground conditions, it is imperative to contain the explosive 

energy in the blast hole to get good fragmentation. Figure 4.41 shows a single 

fragment size distribution for South blast for powder factor 0.35 kg/m3. 
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Figure 4.41: South blast fragmentation distribution (PF = 0.35 kg/m3) 

Figure 4.41 shows that at 50% passing the average fragment size was 24cm while at 

80% passing the fragment size was about 42cm. This scenario offered possibilities 

to refine the blast results due to the fragment sizes being closer to the target fragment 

size requirements. Figure 4.42 shows the multiple simulation results for the south 

blast. 

 

Figure 4.42: South simulation output results (PF = 0.35 kg/m3) 
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Sim13 shows that when the burden and spacing are held constant at 2.5m by 2.5m, 

the stemming being 1.6m, 59% of the fragment size of 30cm would pass and 86% of 

fragment size of 50cm would pass. However, one gets to see also (Appendix D17) 

from the results of sim62 that when you increase the stemming and powder factor, 

100% of particle size 30cm gets to pass. Therefore, it is sensible to choose the right 

stemming length to ensure that you don’t create too much fine fragment size material 

than necessary. Figure 4.43 shows the fragment size distribution for South blast with 

a powder factor of 0.65 kg/m3. The other simulation results of powder factor 

0.65kg/Bcm are not shown as they were too excessive as per reasons advanced in 

Section 4.4.1. 

 

Figure 4.43: South blast fragmentation distribution (PF = 0.65 kg/m3) 

The results of Figure 4.43 indicate that the powder factor of 0.65 kg/m3 was way too 

much for the rock-type encountered and does not meet the mine requirements of 

ensuring mean fragment of 30cm at 50% passing and 50cm at 80% passing, in this case, 

at 50% passing the fragment size was 18cm and at 80% passing the fragment size was 

28cm. 

4.6 Fragmentation Size Distribution Results from Image Analysis 

Each blast area image results were obtained by combining a minimum of three image 

analysis taken at different positions to get a more accurate result of the blast. Figures 
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4.44 to 4.46 depicts the results achieved from the actual blasts in the respective blast 

areas. 

 

Figure 4.44: South-West blast fragmentation distribution 

 

           

Figure 4.45: South blast fragmentation distribution 
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Figure 4.46: South-East blast fragmentation distribution 

4.7 Results Comparison for Single Particle Size Distributions 

The image analysis results (actual fragmentation results) were compared with the 

simulation results of each blast area to assess the accuracy of the simulation results. 

The blast areas where the variance between the actual results and the predicted 

results was less than 10% were considered accurate, and no further work was 

required. Blast areas where the variance was between 10% and 20% were deemed 

to be reasonable. However, parameters such as the powder factor, Blastability Index 

and the Uniformity Index would have to be adjusted. Results of areas with errors of 

more than 20% were declared invalid. 

 

Figures 4.47 to 4.50 depict the comparison of the simulated fragmentation and the 

achieved results from the image analysis. Table 4.1 outlines the errors achieved at 

50% of the material passing through the screen. The simulation results that were 

outside the limits of tolerance were adjusted. The adjustment was done by altering 

either the powder factor or the burden and spacing. In the South-East blast, the 

original powder factor of 0.65 kg/Bcm was reduced to 0.35 kg/Bcm the blast pattern 

was reduced to 2.5m by 2.5m. 
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Table 4.1: Blasting Efficiency using single particle size distribution 

Blasts Mean (x50) Predicted (cm) Actual (cm) Error (%) 

South-East Mean (x50) 18 22 + 22 

South-East 

(Adjusted PF 

0.35) 

Mean (x50) 27 22 -18 

South (PF 0.35) Mean (x50) 24 26 + 8.3 

South (PF 0.65) Mean (x50) 15 26 + 73 

South West Mean (x50) 32 24 -25 

South West 

(Adjusted PF 

0.35) 

Mean (x50) 28 24 -14 

 

The results of the South-West blast are depicted in Figure 4.47 and they show that 

the predicted fragmentation distribution was higher than the actual results achieved 

from the blast. The error achieved between the actual and predicted was -25%, as 

shown in Table 4.1. 

 

Figure 4.47: South-West blast actual fragmentation vs predicted 

The graph depicts the simulation results (orange line) compared with the actual results 

(blue line) when the initial powder factor of 0.30kg/Bcm. The lower the fragment size, 

the easier the loading, hauling and crushing. However, the blasting costs need to be 
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monitored closely to ensure that excessive spending is curbed by not blasting more 

finer fragment size than required. The initial simulation conditions were adjusted from 

0.30 kg/Bcm powder factor to 0.35 kg/Bcm. The burden and spacing of 2m x 2m was 

changed to 2.5m by 2.5m to correct the -25% error to get it within the 20% (acceptable 

range). The powder factor was further increased to 0.4 Kg/Bcm to get mean fragment 

size (30cm) at 58% and max fragment (50cm) at 80%. Figure 4.48 depicts the adjusted 

Kuz-Ram results compared with the actual results and the initial simulation results. 

 

           Figure 4.48: South-West blast actual fragmentation vs predicted vs adjusted 

Figure 4.49 depicts the simulation and actual fragmentation results for the South blast 

 

Figure 4.49: South blast actual fragmentation vs predicted 
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Figure 4.49 indicates that the results of the South blast simulation, where the powder 

factor of 0.65 kg/Bcm was used were completely unreliable. The gap between the 

actual fragment results (blue line) and the 0.65 kg/Bcm powder factor results (black 

line) was excessive. The 0.65Kg/Bcm powder factor produced excessive finer 

fragment size material than required and would result in higher quantities of 

explosives used. The powder factor of 0.35 kg/Bcm in this area proved accurate when 

the burden and spacing were constant at 2.5m by 2.5m. The error between the actual 

and predicted fragmentation distribution for the powder factor of 0.35 kg/Bcm was 

8%, as seen in Table 4.1. Figure 4.50 depicts the simulation and actual fragmentation 

size results for the South-East blast 

 

Figure 4.50: South-East blast actual fragmentation vs predicted 

Figure 4.50 indicates that at 100% of the material passing, the fragment size would 

be below 40cm. This result is also achieved with a higher powder factor of 0.65 

kg/Bcm. The simulation results for the South-East polygon, as shown in Figure 4.50 

indicate that at 50% material passing, the blasting efficiency (error) was closer to the 

acceptable error region of 20%. However, beyond this point, the gap between the 

actual and simulated fragmentation size was significant.  

Having a dynamic burden and spacing with a dynamic powder factor of 0.65 kg/Bcm 

was not producing acceptable results. However, when adjusting the powder factor to 

0.35 kg/Bcm, the results were within the margin of error of 18%. When adjusting the 

powder factor further to 0.4 kg/Bcm, mean fragment size (30cm) was 51.6% while 

max fragment size (50cm) was 86.4%, as shown in Figure 4.51. 
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            Figure 4.51: South-East blast actual fragmentation vs predicted vs adjusted 

It was thus clear that the general blast pattern that produced reliable results in all the 

blast areas was the burden and spacing of 2.5m by 2.5m with a powder factor 

between 0.35 kg/Bcm and 0.4kg/Bcm. The mine resolved to use two blasting 

patterns for ore and waste. The main blast pattern for ore will be 2m x 2m, and the 

waste pattern will be 2.5m by 2.5m with both materials using a powder factor of 0.35 

kg/Bcm or 0.4 kg/Bcm depending on the rockmass characteristics encountered. The 

idea for the smaller drill and blast pattern for the ore was to increase the proportion 

of blasted ore fragment of below 50cm passing to above 80%.However, this pattern 

will also depend on rock characteristics. 

4.8  Blasting Costs 

The costs studies were conducted after having adopted the drill and blast pattern of 2m 

by 2m and 2.5m by 2.5m. The preferred drill bit sizes were 105mm and 127mm, and 

the acceptable powder factor range was between 0.3 kg/Bcm and 0.4 kg/Bcm. The 

cost analysis for these patterns were conducted using the parameters and simulation 

conditions set for Pit3_South blast (constant burden and spacing, constant drill hole 

diameter and variable powder factor). 
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The constant parameters meant that the costs for the drilling were constant as the 

drilled or blasted volume was constant. Thus, the total drilling and blasting costs were 

only affected by the amount of explosives and the number of holes blasted. Figure 

4.52 depicts the unit drilling and explosive costs range from the simulation.  

 

Figure 4.52: Unit drilling and blasting costs 

Figure 4.53 depicts the expected absolute drilling and blasting costs range for 400 

holes. 

 

Figure 4.53: Total drilling and blasting costs for 400 blast holes 
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The average total costs were expected to be USD 45000 per blast with a maximum 

cost of USD 48000. The simulated cost (cost per Bcm) results were compared with 

the actual costs (cost per Bcm) for the ten blasts that were conducted, as depicted in 

Figure 4.54. 

 

           

Figure 4.54: Comparison of actual costs vs planned costs 

Figure 4.54 shows that the planned drilling and blasting costs were higher than the 

actual costs before the adjustment. There were two major contributing factors for the 

lower actual costs. First, it was the explosive price adjustment factor and second, the 

reduced unit drilling costs realized after the renegotiation and conclusion of the new 

mining contract. The cost of emulsion explosive decreased from 1614 USD/tonne to 

1545 USD/tonne, while the unit drilling costs decreased by 15% from figures stated 

in Table 3.6. The adjusted costs show that actual costs were slightly higher, with an 

increase of about 0.3 USD/Bcm over the adjusted costs. Figure 4.55 depicts the 

relationship between the powder factor and the fragment size achieved. 
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Figure 4.55: Powder factor and the fragment size 

When studying the actual costs against the actual powder factor results in Figure 

4.54, one notices that the powder factor was generally between the ranges 

0.35kg/Bcm and 0.45 kg/Bcm. When comparing this powder factor against the 

fragment size in Figure 4.55, one realizes that the expected fragment would be 

between 15cm and 30cm, which was in line with the mine’s target of a mean fragment 

size of 30cm. 

Figure 4.17 showed that for a constant burden and spacing, the Uniformity Index was 

only affected by stemming length and similarly Figure 4.26 depicted that the key 

parameters that affected the mean fragment results were the stemming and charge 

density. It was thus essential to draw the relationship between the unit drill and blast 

costs and the stemming length and the charge length. Figure 4.56 depicts the 

relationship between unit drilling and blasting costs and charge length. 
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Figure 4.56: Unit drill and blast costs vs charge length 

There is a direct linear relationship between the charge length and unit drilling and 

blasting costs. It is also essential to mention that when the drilling costs are constant 

given that the blasting pattern is fixed together with the hole diameter, thus the 

parameter contributing to the increase in the cost is the quantity of explosives or 

charge per hole. The converse is true that when the stemming length increases, the 

charge per hole required will decrease and thus, the unit costs will decrease. 

Figure 4.57 depicts that the unit drilling and blasting cost will decrease with an 

increase in the stemming length, while Figure 4.58 shows that the powder factor will 

increase with the increase in the charge per hole.  

 

Figure 4.57: Unit costs vs stemming length 
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Figure 4.58: Powder factor vs charge per hole. 

The higher the powder factor, the finer the fragment size; thus, the higher the blasting 

costs. Finer fragmentation size leads to higher crusher productivity and lower 

mechanical energy input in downstream processing units resulting in a net reduction 

in the operations costs. However, there is a delicate balance that has to be struck 

between fragment size required and blasting costs to achieve optimal blasting costs. 

It was also essential to relate the rockmass conditions and the costs incurred in 

blasting a block of ground. The Blastability Index as a factor that represents the 

rockmass condition was plotted against the cost as depicted in Figure 4.59. 
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Figure 4.59: Unit costs and Blastability Index 

There exists a positive relationship between the unit drill and blast costs and 

Blastability Index — the more competent the rockmass, the higher the unit drill and 

blast costs. Though the graph indicates a weak correlation, more data points would 

be required to conclude the causal relationship definitively. Figure 4.60 shows the 

Uniformity Index against the unit drill and blast costs.  

 

Figure 4.60: Uniformity Index and unit costs 
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In a fixed burden, spacing and drill hole diameter, the Uniformity Index value 

remained constant regardless of the changes in the unit drill and blast cost. The 

Uniformity Index of the muckpile is not affected by the decrease or increase in input 

costs. 

4.9  Chapter Summary 

This section of the report highlighted the results achieved from the three blast areas 

that were studied. The chapter further outlines the relationship between the different 

parameters that make up the Kuz-Ram model and the associated drilling and blasting 

costs. Some of the findings from this section were: 

• The Blastability Index for the South blast areas (more competent and less 

fractured rockmass) ranged between 7 and 9 and was higher than the Blastability 

Index of both the South-West and South-East blast areas which ranged between 

4 and 6. 

• Parameters that had a stronger influence on the Blastability Index were the rock 

specific gravity and joint dip angle. 

• The Uniformity Index results for all the blast areas were low, ranging between0.9 

and 3, indicating that less uniform muck piles prevailed. 

• The Uniformity Index results were mainly influenced by the burden, spacing, and 

the stemming length. 

• The mean fragment size for constant burden, constant spacing, and a powder 

factor of 0.35 kg/Bcm produced fragment size results that were in line with the 

specified mean fragment size. 

• The main parameters that influenced the mean fragment size were stemming 

length, powder factor, joint dip angle and rock specific gravity. 

• The simulated drilling and blasting costs for 400 blast holes per pattern ranged 

between USD 42,000 and USD 48,000. The actual costs for the ten test blast were 

lower than the simulated cost peaking at USD 38,000 with the exception of one 

blast where an extra 200 holes were blasted. The cost per Bcm difference 

between the actual blast and the adjusted (budget) cost was 0.3 USD/Bcm with 

the adjusted cost peaking at 2.5 USD/Bcm. 

• The unit drilling and blasting cost decreased with an increase in stemming length, 

and the converse was true for the charging length. 
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CHAPTER 5 

Conclusions and Recommendations 

5.1 Introduction 

Blast rock fragmentation size plays a vital role in the mining value chain. Often poor 

blast results or sub-optimal blast fragment size negatively affects the downstream 

mining operation by reducing the productivity of the units and increasing their 

associated unit costs. Blasting operations as the first stage in the size reduction 

process thus form an integral part in the mine to mill optimization philosophy. The 

increase in the operational costs and reduced productivity can be correlated to the 

blast fragment size handled by the units. The research objectives of the study were: 

RO1: To explore the role of rockmass conditions on blast rock fragmentation 

size. 

RO2: To explore the role of blast design parameters on blast rock 

fragmentation size 

RO3: To determine a drill and blast pattern that will produce optimal 

fragmentation size at the lowest cost possible. 

To answer the research questions posed in Chapter 1, the Kuz-Ram model was 

chosen as the preferred empirical model. The Kuz-Ram model has been used for 

years in the mining industry to predict the blast fragment size distribution. Parameters 

that make up the Kuznetsov function and Rosin-Ramler function; both functions that 

make up the Kuz-Ram model, were simulated to study their influence on blast 

fragment size. These parameters were the Blastability Index, Uniformity Index and 

the explosive parameters in the mean fragment size. 

Microsoft Excel, Palisade @Risk and Wipfrag were used in the study to perform the 

simulations and the image analysis of the fragment size achieved from the blast. 

Sensitivity analysis studies were then performed to identify the Kuz-Ram model 

parameters with significant impact on the fragment size. The relationships of the 

different parameters were plotted to study the nature of their relationship. 
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5.2 Conclusions 

From the analysis, several findings were observed from the three test site. The results 

are discussed in the following sub-sectionsns. 

 5.2.1 Blastability Index 

The Blastability Index is concerned with the classification of the rockmass quality by 

incorporating parameters such as rock density, rock strength, elasticity and fractures. 

The index describes the ease of blasting the rock by assigning a value to the block of 

ground. Values less than 8 indicate medium to hard rock conditions, 8 to 10 hard highly 

fractured rock and 10 to 13 indicate hard competent rock. 

 

South blast had an index value ranging from 3.9 to 6.1. In this area, the rock was 

less fractured with steep joints and consisted predominately of dolomite. The 

parameters with significant influence on the index were the joint dip angle and rock 

density. 

South-West blast had an index value ranging from 7.0 to 8.4. The rockmass in this 

area was fractured with horizontal joints and made up of black shale and breccia 

material. In this case, the parameter with the most influence on the index was the 

rock density. 

South-East blast had index values between 7.4 and 8.8. The rockmass in the area 

was made up of sandstone and dolomite. The influential parameter on the index value 

was the rock density. 

 

In general, the rock type encountered in Ruashi mine can be classified as easy to 

blast with some areas having a fractured rockmass. The leading influential parameter 

on the Blastability Index was the rock density parameter. The Blastability Index and 

the rock density had a positive direct relationship meaning an increase in the rock 

density would result in a corresponding increase in the Blastability Index value. 

 5.2.2 Uniformity Index 

The Uniformity Index describes the uniform nature of the muckpile. The Uniformity 

Index is primarily influenced by the blast design pattern. Higher values of the 

Uniformity Index indicate uniform muckpile. Typical values of the index are between 
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0.6, and 2.2. Index values between 0.6 and 1.0 indicate less uniform muck piles 

characterised by boulders and a high degree of fines. While values between 1.0 and 

1.5 indicate fines and oversize muckpile. Uniformity Index values between 1.5 and 

2.2 are generally associated with a uniform muckpile and typically indicate competent 

rockmass conditions. 

South blast Uniformity Index ranged between 1.7 and 2.2 with a slight positive skew 

distribution. These values were expected given that the rockmass in this area was 

relatively more competent. Also, the burden, spacing and drill hole diameter were 

constant in this test site, which meant that the only parameter that would influence 

the Uniformity Index values was the stemming length. The stemming length and the 

Uniformity Index had an inverse relationship, meaning an increase in the stemming 

length resulted in a decrease in the Uniformity Index value. 

South-West blast Uniformity Index ranged between 0.9 and 2.7 with a positive skew 

distribution. The rockmass in this area was relatively weak and fractured, and the 

burden and spacing parameters were dynamic. The Uniformity Index results in this 

area, thus provided an opportunity for optimising the blast design pattern to get a 

more uniform blast fragment size. The influential parameters on the index results 

were the burden and spacing. 

South-East blast Uniformity Index ranged between 1.1 and 3.2 with a positive skew 

distribution. The majority of the index results were leaning towards lower values in 

the range of 1.0 and 1.5, and this meant that the muckpile in this area was 

characterized by oversize to fine fragment size material. The rockmass in this area 

was moderately competent with fewer fractures, and all the blast design parameters 

were dynamic during the simulation runs. The primary influencers on the Uniformity 

Index value were the burden and spacing. 

In general, in the South-East and South-West blasts, the primary influencer on the 

Uniformity Index value was the burden and spacing, while with the South Blast the 

stemming length was the influential parameters on the Uniformity Index value. The 

burden had an inverse relationship with the Uniformity Index, while the spacing had 

a direct relationship with the Uniformity Index. The burden to spacing ratio, whether 

one chooses a square or staggered pattern, influences the Uniformity Index value. 
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 5.2.3 Mean Fragment Size 

South blast had two powder factors assigned, namely the 0.35 kg/Bcm and 0.65 

kg/Bcm. Results for the 0.35 kg/Bcm powder factor indicated that the mean fragment 

size range was between 13cm and 28cm. The majority of the fragment size (95%) 

material was below the mean fragment size of 30cm. The blasting efficiency for 0.35 

kg/Bcm powder factor was 8% (Table 4.1). 

Despite the lower error or blasting efficiency margin, the concern was that higher 

blasting costs could be realized due to tighter burden and spacing that resulted in the 

majority of the fragment size being below the required mean fragment size of 30cm. 

An increase in the burden and spacing to move the size distribution closer to the 

required mean fragment size of 30cm would be required while keeping the same 

powder factor. 

The powder factor of 0.65 kg/Bcm was too excessive, with 100% of the fragment size 

distribution below the 21cm fragment size. The simulation results were rejected in 

totality. The influential primary parameters on the mean fragment size results for this 

test site were joint dip angle, rock density, and stemming length. 

South-West blast fragment size distribution ranged between 27cm and 49cm, which 

was between the required mean fragment size of 30cm and the oversize fragment 

size of 50cm. The blasting efficiency for this blast was -25% which meant that the 

predicted fragmentation was higher than the actual fragmentation achieved. The 

influential parameters for the mean fragment size results were the stemming length 

and powder factor. 

South-East blast fragment size distribution ranged between 14cm and 26cm, with 

97% of the material size below 30cm for a powder factor of 0.65 kg/Bcm. The blasting 

efficiency measured at 50% of the material passing was +22%. The higher powder 

factor of 0.65 kg/Bcm meant that the simulation results could not be accepted. In 

order to correct the fragment size distribution, the powder factor was adjusted down 

to between 0.3 kg/Bcm and 0.4 kg/Bcm. The influential parameters in this blast area 

were the stemming length, explosive strength, and powder factor. 

 

The stemming length and powder factor were the most prevalent influential 

parameters across all the mean fragment size results for the three test sites. Both 
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parameters had an inverse relationship with the fragment size. An increase in the 

powder factor resulted in a decrease in the fragment size while reduced stemming 

length resulted in an increase in the fragment size. 

 

 5.2.4 Suggested Blast Pattern 

From the comparison of the results in Section 4.7, it was clear that the blast pattern 

which produced the most reliable results when compared with the actual 

fragmentation results was the 2.5m by 2.5m burden and spacing with powder factor 

values between 0.3 kg/Bcm and 0.4 kg/Bcm. This pattern was adopted as a general 

pattern blast pattern for mine. 

 5.2.5 Blasting Costs 

The simulated cost for 400 holes was slightly higher than the actual cost incurred for 

the ten blasts conducted using the recommended pattern. The blasting costs ranged 

between USD 42,000 and USD 48,000 as compared to the maximum actual costs of 

USD 40,000. The actual powder factor range was between 0.35 kg/Bcm and 0.4 

kg/Bcm as compared to the preferred range of 0.3 kg/Bcm and 0.4 kg/Bcm. In 

general, the adopted pattern performed very well, and the fragment size distribution 

was in line with the stipulated requirements. 

There was a direct relationship between the charge length and the unit drill and blast 

cost. The increase in the charge length meant that there was an increase in the 

amount of explosives per hole, which in turn meant that there was an increase in the 

unit drill and blast costs. The converse was true that the increase in the stemming 

length resulted in decreased unit drill and blast costs. The more competent the 

rockmass was, the higher the unit drill and blast costs. However, the uniform nature 

of the muckpile after blast did not have any effect on blasting costs. 

5.3 Recommendations 

Given that the study only concentrated on the drilling and blasting operations, and did 

not consider the effects of blasting operations on hauling, crushing, and grinding 

operations, its impact was limited. The following recommendations are made: 

• A comprehensive mine to the mill optimization study should be undertaken on 

the entire value chain to achieve a net positive value. 
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• The mining department should recruit blasting engineers and providing them 

with the necessary tools and equipment to do their jobs in an effort to establish 

a functional blasting department. 

• Blast performance monitoring system should be established to proactively 

manage blast results and carry out continuous improvements on the blasts. 

• Relocation of nearby residents should be considered to reduce the risks posed 

by blasting operations to the community. 
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APPENDICES 

 

Appendix A 

 

Table A1: Ruashi Explosive Prices for January 2018 

Initiation Systems 

Item Units/Box USD/Unit Cost/Unit or kg Cost/Unit or kg 

Cordtex 10 gm/m 

(2 x 350m) 

700 690.00 0.99 0.99 

Explosives 

Item Units Kg/Unit USD/Unit USD/kg 

Anfex Bags 25 71.66 2.87 

P100 Emulsion Bags 1000 1614.66 1.62 

Pentolite

 Booste

r 150gm 

Pack 120 642.95 5.36 

Detonators 

Item Units/Box USD/Box Cost/Unit Cost/Unit or kg 

Benchmaster 7.5m- 

500ms 

150 735.36 4.90 4.90 

Handite 7.5m-0ms 150 735.36 4.90 4.90 

Handite 7.5m-17ms 150 735.36 4.90 4.90 

Handite 7.5m-25ms 150 735.36 4.90 4.90 

Handite 7.5m-42ms 150 735.36 4.90 4.90 

IED 1000 1243.00 1.24 1.24 
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Appendix B 
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                Table B 1: Rock Mass Classification from the Core in Pit 3 
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Figure B 1: Relationship between Weathering and RMR 

 

 

Figure B 2: Weathering vs Elevation and RMR vs Elevation 
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Figure B 3: Friction Angle vs Moisture 

 

 

 

Figure B 4: Friction Angle vs Density 
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Figure B 5: Moisture Content vs Density 
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Table B 2: Triaxial Strength Test Database 
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Appendix C 
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Table C 1: Drill and Blast Costs 

Blast Drilled 

meters 

Cost of 

Drilling 

($) 

Explosive 

Quantity 

(Tonnes) 

Bcm/Blast Explosives 

Costs 

($) 

Blasting 

Costs 

($) 

Cost/Bcm Powder 

Factor 

Blasted 

Tonnage 

Cost/Tonne 

1 2200 24200 5,20 13750 13925,33 38125,33 1,01 0,38 27500 0,51 

2 2200 24200 5,58 13750 14519,81 38719,81 1,06 0,41 27500 0,53 

3 2200 24200 4,95 13750 13533,76 37733,76 0,98 0,36 27500 0,49 

4 2200 24200 4,88 13750 13410,11 37610,11 0,98 0,35 27500 0,49 

5 2200 24200 5,20 13750 13925,33 38125,33 1,01 0,38 27500 0,51 

6 2200 24200 5,67 13750 14670,41 38870,41 1,07 0,41 27500 0,53 

7 2200 24200 5,52 13750 14432,62 38632,62 1,05 0,40 27500 0,52 

8 3300 36300 8,10 20625 21355,65 57655,65 1,04 0,39 41250 0,52 

9 2200 24200 5,90 13750 15035,03 39235,03 1,09 0,43 27500 0,55 

10 2200 24200 5,85 13750 14957,35 39157,35 1,09 0,43 27500 0,54 

11 2200 24200 5,20 13750 13925,33 38125,33 1,01 0,38 27500 0,51 

Total 25300 278300 62 158125 163690,71 441990,71 1,04 0,39 316250 0,52 
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Appendix D 
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Table D 1: South-West Kuz-Ram Model 
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Figure D 1: South-West Blastability Index Report 
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Figure D 2: South-West Uniformity Index Report 
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Figure D 3: South-West Mean Fragment Size Report 
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Figure D 4: South-West Actual Fragment Report (image analysis) 
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Table D 2: South-East Kuz-Ram Model 
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             Figure D 5: South-East Blastability Index Report 
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            Figure D 6: South-East Uniformity Index Report 
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              Figure D 7: South-East Mean Fragment Size Report 
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Figure D 8: South-East Actual Fragment Report (image analysis) 
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Table D 3: South Kuz-Ram Model 
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Figure D 9: South Blastability Index Report 
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Figure D 10: South Uniformity Index Report (Pf 0.35 kg/Bcm) 
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    Figure D 11: South Uniformity Index Report (Pf 0.65 kg/Bcm) 
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Figure D 12: South Mean Fragment Size Report (Pf 0.35 kg/Bcm) 
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Figure D 13: South Mean Fragment Size Report (Pf 0.65 kg/Bcm) 
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    Figure D 14: South Actual Fragment Report (image analysis) 
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Appendix D15: South-East blast simulation results (PF=0.65kg/Bcm) 
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Appendix D16: South-West blast simulation results (PF=0.30kg/Bcm) 

 

 

Burden (m) 2,04 1,68 1,99 1,98 1,80 1,64 1,90 2,07 2,40 2,32 2,08 2,23 2,20 2,02 2,10 2,30 2,16 1,91 2,11 1,53 2,10

Spacing (m) 2,05 1,72 1,93 1,75 1,87 1,97 1,71 2,30 2,26 2,28 2,14 2,05 2,18 1,64 2,00 1,85 1,97 2,25 2,03 1,65 1,96

Stemming (m) 1,03 1,39 1,59 1,27 1,27 1,36 1,52 1,44 1,13 1,66 1,92 1,86 1,66 2,42 2,14 2,06 2,37 2,71 2,55 3,51 2,59

Powder factor (kg/Bcm) 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30

N 0,85 0,97 1,27 0,99 0,94 0,96 1,15 1,24 1,07 1,54 1,63 1,63 1,47 1,89 1,80 1,80 2,02 2,20 2,16 2,26 2,08

Xc 0,73 0,66 0,63 0,63 0,62 0,61 0,60 0,55 0,50 0,48 0,45 0,45 0,42 0,40 0,40 0,38 0,35 0,31 0,29 0,26 0,34

Size (m) sim1 sim2 sim6 sim7 sim8 sim9 sim10 sim21 sim44 sim51 sim59 sim60 sim65 sim71 sim72 sim75 sim80 sim81 sim82 sim84 sim85

0,00 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

0,05 10% 8% 4% 8% 9% 9% 6% 5% 8% 3% 3% 3% 4% 2% 2% 3% 2% 2% 2% 2% 2%

0,10 17% 15% 9% 15% 16% 16% 12% 11% 16% 9% 8% 8% 11% 7% 8% 9% 8% 8% 10% 11% 8%

0,15 23% 21% 15% 22% 23% 23% 18% 18% 24% 15% 15% 15% 20% 14% 16% 17% 17% 18% 22% 25% 17%

0,20 28% 27% 21% 28% 29% 29% 25% 25% 31% 23% 23% 23% 28% 23% 25% 27% 28% 32% 37% 42% 29%

0,25 33% 32% 27% 33% 35% 35% 31% 31% 38% 31% 32% 32% 37% 33% 34% 38% 40% 46% 53% 60% 42%

0,30 37% 37% 32% 38% 40% 40% 36% 37% 44% 39% 40% 40% 45% 43% 44% 49% 53% 60% 67% 75% 55%

0,35 41% 42% 38% 43% 44% 45% 42% 43% 49% 46% 48% 49% 53% 53% 54% 58% 64% 73% 79% 86% 66%

0,40 45% 46% 43% 47% 49% 49% 47% 49% 54% 53% 56% 56% 60% 62% 63% 67% 74% 83% 87% 93% 76%

0,45 48% 50% 48% 51% 52% 53% 51% 54% 59% 60% 63% 63% 67% 71% 70% 75% 82% 90% 93% 97% 84%

0,50 51% 53% 52% 55% 56% 56% 56% 59% 63% 66% 69% 70% 72% 78% 77% 81% 88% 94% 96% 99% 90%

0,55 54% 57% 57% 59% 59% 60% 59% 63% 67% 71% 75% 75% 77% 83% 82% 86% 92% 97% 98% 100% 94%

0,60 57% 60% 61% 62% 62% 63% 63% 67% 70% 76% 80% 80% 81% 88% 87% 90% 95% 99% 99% 100% 96%

0,65 59% 62% 65% 65% 65% 66% 67% 71% 73% 80% 84% 84% 85% 91% 90% 93% 97% 99% 100% 100% 98%

0,70 62% 65% 68% 67% 68% 68% 70% 74% 76% 83% 87% 87% 88% 94% 93% 95% 98% 100% 100% 100% 99%

0,75 64% 68% 71% 70% 70% 71% 72% 77% 78% 86% 90% 90% 90% 96% 95% 97% 99% 100% 100% 100% 99%

0,80 66% 70% 74% 72% 72% 73% 75% 79% 81% 89% 92% 92% 92% 97% 97% 98% 100% 100% 100% 100% 100%

0,85 68% 72% 77% 74% 74% 75% 77% 82% 83% 91% 94% 94% 94% 98% 98% 99% 100% 100% 100% 100% 100%

0,90 70% 74% 79% 76% 76% 77% 80% 84% 84% 93% 95% 96% 95% 99% 99% 99% 100% 100% 100% 100% 100%

0,95 71% 76% 81% 78% 78% 79% 82% 86% 86% 94% 96% 97% 96% 99% 99% 100% 100% 100% 100% 100% 100%

1,00 73% 77% 83% 80% 79% 80% 83% 88% 88% 95% 97% 98% 97% 100% 99% 100% 100% 100% 100% 100% 100%

1,05 74% 79% 85% 81% 81% 82% 85% 89% 89% 96% 98% 98% 98% 100% 100% 100% 100% 100% 100% 100% 100%

1,10 76% 80% 87% 83% 82% 83% 86% 90% 90% 97% 99% 99% 98% 100% 100% 100% 100% 100% 100% 100% 100%
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Appendix D17: South blast simulation results (PF=0.35kg/Bcm) 

 

Burden (m) 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50

Spacing (m) 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50 2,50

Stemming (m) 1,46 1,02 1,35 1,32 1,42 1,60 1,75 1,66 1,54 1,26 1,69 1,28 1,94 1,88 1,97 1,56 2,07 2,06 2,15 2,19

Powder factor (kg/Bcm) 0,28 0,32 0,29 0,36 0,35 0,37 0,31 0,29 0,38 0,36 0,34 0,39 0,41 0,38 0,37 0,33 0,28 0,36 0,36 0,40

N 1,45 1,02 1,34 1,31 1,41 1,59 1,74 1,66 1,53 1,26 1,68 1,28 1,93 1,87 1,96 1,56 2,06 2,05 2,14 2,18

Xc 0,45 0,39 0,38 0,37 0,35 0,33 0,32 0,29 0,28 0,26 0,24 0,23 0,22 0,20 0,19 0,17 0,16 0,16 0,15 0,13

Size (m) sim1 sim2 sim3 sim4 sim6 sim13 sim15 sim24 sim25 sim36 sim43 sim44 sim46 sim50 sim52 sim53 sim58 sim59 sim60 sim62

0,00 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

0,05 4% 12% 6% 7% 6% 5% 4% 5% 7% 12% 7% 14% 6% 7% 7% 13% 9% 9% 9% 12%

0,10 11% 22% 15% 17% 16% 14% 12% 16% 18% 26% 21% 30% 19% 24% 25% 35% 31% 33% 33% 43%

0,15 18% 32% 25% 26% 26% 25% 23% 29% 32% 40% 37% 45% 38% 44% 46% 55% 58% 60% 61% 75%

0,20 26% 40% 34% 36% 37% 37% 35% 42% 45% 52% 53% 58% 56% 63% 66% 71% 79% 81% 82% 92%

0,25 34% 47% 43% 45% 46% 48% 47% 54% 56% 62% 66% 68% 72% 77% 82% 83% 92% 93% 94% 99%

0,30 42% 54% 51% 53% 55% 59% 59% 66% 67% 70% 77% 76% 84% 88% 91% 90% 97% 98% 98% 100%

0,35 50% 59% 59% 61% 63% 68% 68% 75% 75% 77% 85% 83% 91% 94% 96% 95% 99% 99% 100% 100%

0,40 57% 64% 65% 67% 70% 75% 77% 82% 82% 82% 91% 87% 96% 97% 99% 97% 100% 100% 100% 100%

0,45 63% 69% 71% 73% 76% 81% 83% 88% 87% 87% 95% 91% 98% 99% 100% 99% 100% 100% 100% 100%

0,50 68% 73% 76% 78% 81% 86% 88% 92% 91% 90% 97% 94% 99% 100% 100% 99% 100% 100% 100% 100%

0,55 73% 76% 80% 82% 85% 90% 92% 95% 94% 93% 98% 96% 100% 100% 100% 100% 100% 100% 100% 100%

0,60 78% 79% 84% 85% 88% 93% 95% 97% 96% 95% 99% 97% 100% 100% 100% 100% 100% 100% 100% 100%

0,65 81% 82% 87% 88% 91% 95% 97% 98% 97% 96% 100% 98% 100% 100% 100% 100% 100% 100% 100% 100%

0,70 85% 84% 89% 90% 93% 97% 98% 99% 98% 97% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100%

0,75 87% 86% 91% 92% 95% 98% 99% 99% 99% 98% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100%

0,80 90% 88% 93% 94% 96% 99% 99% 100% 99% 98% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100%

0,85 92% 89% 94% 95% 97% 99% 100% 100% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

0,90 93% 90% 96% 96% 98% 99% 100% 100% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

0,95 95% 92% 97% 97% 98% 100% 100% 100% 100% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

1,00 96% 93% 97% 98% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

1,05 97% 94% 98% 98% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

1,10 97% 94% 98% 99% 99% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%


