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Resumo  

O objetivo deste estudo consiste em testar o FRAGTrackTM Mobile em vários cenários operacionais e 

na comparação desses resultados com os modelos empíricos de previsão de fragmentação de Kuz-

Ram Modificado e de KCO. 

O FRAGTrackTM Mobile é um protótipo portátil de análise de imagem estereoscópica desenvolvido pela 

Orica Limited. Este equipamento permite a captura e análise de imagens in situ de uma pilha de 

desmonte de modo a quantificar a fragmentação dessa rocha, sendo por este motivo útil para 

operações de otimização do desmonte de rocha com explosivos e, consequentemente, para as 

operações subsequentes. 

Este estudo está organizado em três componentes: 

1. Testes, em colaboração com os criadores, às componentes básicas do protótipo até garantir o 

seu pleno funcionamento aparente. Apesar de problemas iniciais de software, certificou-se que 

todas as componentes testadas estavam operacionais;  

2. Testes à precisão numa situação de otimização do diagrama de fogo na qual as soluções 

propostas garantiriam uma melhoria subtil da fragmentação. O equipamento não só conseguiu 

detetar essa melhoria como os resultados da análise de imagem apontam para uma 

fragmentação mais fina do que a prevista pelos modelos de Kuz-Ram e de KCO (com um Erro 

Absoluto Médio Percentual de 35% e 17%, respetivamente), ambos resultados 

consideravelmente positivos; 

3. Testes ao correto funcionamento em cenários operacionais diferentes. Os resultados obtidos 

foram muito semelhantes aos previstos pelos modelos de Kuz-Ram Modificado e de KCO (com 

um Erro Absoluto Médio Percentual de 8% e 4%, respetivamente) em cenários onde estes 

modelos são excelentes estimadores. 

 

Palavras-chave: FRAGTrackTM Mobile, fragmentação, análise de imagem, modelos de fragmentação 

empírica (Kuz-Ram Modificado e KCO), Field-testing. 
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Abstract 

The objective of this work is to test the FRAGTrackTM Mobile in various operational scenarios and to 

compare its results with the Modified Kuz-Ram and KCO empirical blasting fragmentation prediction 

methods. 

The FRAGTrackTM Mobile unit is a portable, stereo image analysis alpha prototype developed by Orica 

Limited. It allows users to capture images of in situ muck pile rock fragmentation and automatically 

analyse those to produce the projected area size distribution. Fragmentation assessment is essential 

for both blasting and for downstream mining operation optimization. 

This work is organized in three main chapters: 

1. Ascertaining the basic functioning of the prototype and reporting all defects found to its developers 

until correct functioning was established. Despite initial software setbacks, collaboration insured 

full apparent functionality of all tested elements; 

2. Testing its preciseness in one specific blast design optimization in which the proposed solutions 

would guarantee a subtle improvement in fragmentation. Not only was the equipment able to 

document this improvement, but FRAGTrackTM’s results pointed to a finer fragmentation than the 

predicted by the Kuz-Ram and KCO models (with a Mean Absolute Percentage Error of 35% and 

17% with the Kuz-Ram and KCO models, respectively), a positive result considering the 

geological nature of the tested quarry; 

3. Testing its correct functioning and usefulness in various operational scenarios. Generally, the 

FRAGTrackTM’s results are very similar to the Kuz-Ram and KCO models’ prediction (around 8% 

and 4% and Mean Absolute Percentage Error, respectively) in blast scenarios in which these 

models are known to perform admirably. 

 

Keywords: FRAGTrack™ Mobile, fragmentation, image analysis, empirical fragmentation models 

(Modified Kuz-Ram and KCO), Field-testing. 
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1. Introduction 

1.1. Motivation 

There is a common saying that states: “if something has not been grown, then it must have been mined”. 

Mining is, quintessentially, the source of mineral commodities that societies require to build infrastructure 

ranging from roads to hospitals, to construct automobiles and computers, to generate electricity and to 

provide many of the other goods and services that the civilized world has to offer. In addition to being 

one of the general cornerstones of society, mining is economically important to regions and countries, 

providing employment and dividends not only to a regional level but also to a national level. 

Mining itself can be very roughly divided into two main groups, surface mining and underground mining; 

in both cases, the unit mining operational cycle is roughly the same. Firstly, the bulk rock must be 

removed from the earth, usually through the application and detonation of explosives in previously drilled 

holes. Secondly, if the post-blast fragmentation is adequate, the blasted rock must be loaded into the 

available hauling equipment. Thirdly, the rock is hauled, commonly to some type of fragmentation 

station, such as crushers, mills or grinders; these are the beginning of the mineral processing operations, 

followed by others which prepare the minerals for their predetermined purpose.  

It can be seen above that the size reduction of run-of-mine rock or comminution is a priority in the mining 

operations while also representing one of the largest portions of mining operating expenses. By 

opposition, rock blasting is cheap, and its primary objective is to attain a successful fragmentation, which 

affects all downstream operations including loading, hauling and comminution. As such, the blasting 

operation can be used to minimize the costs of the other unit operations. 

On that account, a rapid and reliable technique for assessing the degree of fragmentation is essential 

for accurate control and optimization of the blasting process. One example would be in the common 

scenario in which different types of explosives and blast patterns can be objectively analysed; another 

example is simply for quality control. Several methods of particle size distribution measurement exist 

but the most used are: 

• Sieving is the most accurate method of evaluating fragmentation — however, it is expensive, 

time-consuming and operationally problematic; 

• Observational methods consist mainly in the visual observation of a post-blast muck pile, being 

widely and very unreliably used as an approximate size distribution prediction; 

• Empirical methods are mostly mathematical or statistical models that predict (but do not assess) 

the size distribution of blasted rock based on the blasting and geomechanical parameters. These 

methods, while sometimes too linear and not entirely accurate, provide predictable results to 

which other methods can be compared with; 
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• Image analysis methods make swift and relatively accurate blast fragmentation distribution 

assessment possible using 2D or 3D image capturing devices, having become the industry’s main 

tools for fragmentation assessment. The major downside that can be attributed to these methods 

lie in some related subjectivity, as the user has considerable influence both in the acquisition of 

images and in their processing. 

Given the main drawbacks of the image analysis methods listed above, it is only natural that the logical 

step in progress would be a device that would automatize the process of capturing and processing 

images in a more user-independent fashion. It is in this context that the FRAGTrackTM Mobile Equipment 

was developed. 

The FRAGTrackTM Mobile unit is a newly developed portable image analysis, tablet-operated, 3D stereo 

camera system developed by Dr. Michael Noy and Eng. Aaron Wyatt at Orica Limited. It allows users 

to capture images of in situ rock fragmentation and automatically analyse those images to produce the 

projected area size distribution. 

That said, the FRAGTrackTM Mobile unit is a recent equipment, still being a prototype in an Alpha stage 

of development. Thus, both the physical equipment and the accompanying software remained to be 

tested extensively in real time conditions, furthermore in a region with a relatively hot climate. Herein 

lies the main motivation and objective of this dissertation: to test the FRAGTrackTM™ Mobile unit as 

a whole in various operational scenarios and to compare its results with established empirical 

fragmentation prediction and analysis methods. 

1.2. Context and Objectives 

This study was developed in the scope of the dissertation in the Mining and Geological Engineering 

Master Program during the 2017/2018 academic year. This study, consisting in the field testing of the 

FRAGTrackTM Mobile unit prototype, had three main objectives: 

1. To ascertain the basic functioning of the prototype and, if required, report whatever defects it may 

have had to its developers until correct functioning was established; 

2. To test its preciseness in one specific blast design optimization application; 

3. To test its correct functioning and usefulness in various operational scenarios; 
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1.3. Developed work 

To accomplish the three established objectives, this dissertation focuses on three main test phases: 

1. Basic function testing: this test phase focuses on the indispensable functions of the equipment, 

encompassing both the hardware and software components; 

2. “Intraquarry” testing: this test phase focuses on the blast design optimization potential of the 

prototype as a function of its preciseness. The blast design options were predetermined to 

guarantee that a subtle improvement would occur. This test was performed in a single, uniform 

quarry (Cimpor Alhandra’s Bom Jesus quarry) to reduce the influence of the geomechanical 

properties. 

3. “Interquarry” testing: this test phase focuses on the operational aspect of the equipment, being 

carried out in various quarries with different lithologies, light conditions, muck pile size and shape, 

as well as rock shape and size. 

In the last two phases, the results of the FRAGTrackTM Mobile unit were compared to indirect particle 

size distribution analysis methods in the form of two empirical blasting fragmentation prediction methods, 

the Modified Kuz-Ram and KCO methods. 

As such, this work is organized as it follows: after this introduction, a state of the art review is given 

(where the generally useful information that contributes to the resolution of the problem is presented), 

followed by a presentation of the FRAGTrackTM Mobile unit. The description of the employed 

methodologies for each mentioned test phase is then given, followed by a small case study presenting 

the various test sites. Finally, the results and discussion are provided, as well as a conclusion, where 

future works are also suggested. 
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2. State of the Art Review 

This state of the art review has the objective of describing the theoretical and practical bases 

fundamental to the comprehension of the work developed in this dissertation. In short, it focuses on two 

main areas, rock blasting and fragmentation analysis. This is achieved through the description of the 

following topics: the mining sector and mining unit operations, the rock blasting operation itself and its 

main aspects, rock particle characteristics with emphasis on particle size distributions, particle size 

distributions’ methods of measurement or prediction (sieving, observational, empirical and image-

based). 

In each chapter and subchapter, the relevance of each presented topic for the overall dissertation is 

explained. 

2.1. Mining 

2.1.1. Basic definitions 

Mining of stone and metal has been a human activity of utmost interest since pre-historic times, with 

early accounts of extraction, smelting, and refining of metals dating from the beginning of the Bronze 

Age, if not before (Society For Mining, Metallurgy, And Exploration, Inc., 2011). 

Mining is required to obtain any material that cannot be grown through agricultural processes or created 

in artificial processes and, as such, remains the source of most raw materials. Metals and minerals 

extracted from raw mining materials are extensively used across many industries. 

As such, mining can be defined as the extraction of valuable minerals (designated as ores) and other 

geological materials of economic interest such as petroleum, natural gas, or even water from the earth’s 

crust (as currently, space mining does not yet exist). Basically, mining consists of driving an excavation 

from the surface to the mineral deposit; these openings into the earth allow personnel and equipment 

to access the underground deposit (Society For Mining, Metallurgy, And Exploration, Inc., 2011). 

The details of the layout, procedure and necessary equipment used in each mining exploration 

distinguish the general mining method which, in turn, is determined by the geologic, physical, 

environmental, economic, and legal circumstances that relate to the ore deposit being mined. Mining 

methods can be roughly divided in two main groups, surface mining and underground mining, on 

whether the excavation used for mining is entirely open or the excavation consists of openings for human 

entry below the earth’s surface, respectively (Hartman & Mutmansky, 2002). 

Surface mining is done by removing any surface vegetation, dirt, and unnecessary layers of subsequent 

rock with the goal of reaching ore deposits, usually shallow ones. The most common techniques of 

surface mining include open-pit mining, quarrying, strip mining and mountaintop removal (Society For 
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Mining, Metallurgy, And Exploration, Inc., 2011). In the context of this work, only aggregate quarrying is 

relevant, since it was the only type of surface mining operation that was visited. 

Quarrying is nearly identical to open-pit mining (their general layout can be seen in Figure 1, which can 

be defined as “the process of excavating any near-surface ore deposit by means of an excavation or 

cut made at the surface, using one or more horizontal benches to extract the ore while dumping 

overburden and tailings at a dedicated disposal site outside the final pit boundary” (Society For Mining, 

Metallurgy, And Exploration, Inc., 2011). Open-pit mining is mostly used for the selective extraction of 

metallic and non-metallic ores, where quarrying is used to extract an indiscriminate amount of aggregate 

or dimension stone product. Aggregate is any construction material that is typically composed by 

granular or crushed materials; the most common types of aggregate rock are limestone, granite, gravel 

and quartzite (Meisel Rock Products, 2018), while dimension stone is rock quarried for the purpose of 

obtaining blocks or slabs that meet specifications as to size, shape and colour (USGS, 2010).  

 

Figure 1: Open pit general profile layout (Society For Mining, Metallurgy, And Exploration, Inc., 2011). 

In both types of mining operations, the basic stages of the lifecycle of a mine do not differentiate 

substantially, consisting of the following stages (which might sometimes overlap): prospecting, 

exploration, development, exploitation, and reclamation (Hartman & Mutmansky, 2002). Prospecting is 

the expansive search for ores or other valuable minerals, followed by exploration, which seeks to specify 

the size, shape and value of a mineral deposit. Then comes development, in which accesses to the 

mineral deposit are opened for exploitation. Exploitation consists in the actual, physical recovery of 

minerals from the earth, as well as their processing (undergoing breakage, concentration, refinement 

and smelting) to deliver consumer products. The final stage in the operation of most mines is 

reclamation, the process of closing a mine and solving related environmental challenges. 

Throughout the development and exploitation stages of mining, interestingly similar operations are 

normally employed as the basic steps of production – these are called the unit operations of mining 

(Hartman & Mutmansky, 2002). 
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2.2. Mining unit operations 

In what concerns the development and exploitation stages of a mining activity, two types of operations 

are distinguished by Hartman & Mutmansky (2002): the production operations (in which mineral material 

is actually extracted, grouping the rock breakage and the material handling operations) and the auxiliary 

operations (which only support the production cycle, such as ventilation). Together, these two types of 

operations constitute the production cycle of mining and are generally called unit operations, being 

characteristically cyclical and distinct from each other. 

The general aspect of the production operations does not change much between surface and 

underground mining, the difference being more noticeable when it comes to auxiliary operations: while 

ventilation might be essential in underground mining, it almost never is necessary in its surface 

counterpart. However, auxiliary unit operations are not the focus of this work. That said, this work 

focuses more on the typical aggregate quarrying production cycle, comprising the following unit 

operations of Figure 2. 

 
Figure 2: Typical surface mining operational cycle (adapted from Hustrulid, Kuchta, & Martin, 2013). 

Drilling and blasting is the most common method of rock breaking, so that other rock breaking methods 

(such as mechanical breaking, referring to methods of rock breakage where the rock is entirely removed 

from the mine face by the action of mechanical cutting tools) cannot usually compete in terms of either 

production rate, equipment wear and general economy (Society For Mining, Metallurgy, And 

Exploration, Inc., 2011). Therefore, these last will not be discussed in this work. Due to the importance 

of blasting to this work, this operation will be detailed in the next chapter. 

The most common equipment for drilling are drilling rigs, which for surface mining are usually track-

mounted and diesel-powered. Different types of rigs are employed throughout the world, but the 

objective remains common: “to create (…) holes at the quarry face ready to receive explosives” (Society 

For Mining, Metallurgy, And Exploration, Inc., 2011), as can be seen in Figure 3. The explosive charge 

is then inserted and detonated to reduce the rock to a size range apt for the following operations. For 

this reason, it is considered the primary breaking or primary fragmentation operation. 

Drilling Blasting Loading Hauling Crushing
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Figure 3: Left, drilling operation (Mining and Construction, 2014); right, loading operation. 

Primary rock breaking through blasting often produces boulders, rock fragments too large to be handled 

by the loading and/or hauling equipment, as well as by the crushing plant. As such, immediate secondary 

breaking is sometimes necessary at the worksite (Sandvik Tamrock Corp., 1999), a task usually 

performed by a hydraulic breaker mounted on an excavator boom (Figure 4) or by secondary rock 

blasting, although this last option is usually regarded as dangerous as it frequently originates flyrock. 

 

Figure 4: Secondary breaking with a hydraulic breaker (Equipment World, 2014). 

The adequately fragmented material is then loaded by, most commonly, wheel loaders or face shovels 

into haulage units such as regular trucks or haul trucks (Society For Mining, Metallurgy, And Exploration, 

Inc., 2011), as seen in Figure 5. 

 

Figure 5: Loading operation with an excavator into a dumper (Baz, 2016). 
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The haulage units transport the blasted rock to a fixed processing plant, which almost always begins 

the mineral processing cycle with rock crushing. Several stages of mechanical crushing are needed in 

the production of aggregates: for example, maximum blasted rock might be bigger than 1m in size, while 

its end applications require much smaller sizes. A typical rock quarry will usually have one to four stages 

of crushing (PCA - The Portland Cement Association, 2017), systematically reducing rock to smaller 

sizes, usually employing several types of crushers, namely cone, gyratory, impact (Figure 6), jaw, and 

roll crushers (Society For Mining, Metallurgy, And Exploration, Inc., 2011).  

 

Figure 6: Impact crusher fragmenting rock by throwing it into plated steel (MetsoWorld, 2014). 

Throughout and after the crushing phase, the rock is largely transported by belt conveyors to further 

processing stations unless it is already the end product—thus ends the mining operational cycle, with 

only the blasting operation remaining to be elaborated upon. 

2.3. Rock fragmentation through rock blasting 

The concept of rock blasting is relatively simple: holes drilled into the rock are charged with explosive 

material and are initiated (Figure 7, left), resulting in a decoupling of the affected rock from the rock 

mass and its fragmentation. The resulting fragmented rock pile is called the muck pile (Figure 7, right). 

 

Figure 7: Left, blasting operation; right, post-blast rock muck pile (Pit and Quarry, 2015).  
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Rock blasting, through its influence on fragmentation, holds exceptional interest amongst the mining 

unit operations and to this work. For these reasons, it is fundamental to understand what rests— 

physically and operationally—behind this operation.  

As such, in this chapter will only be discussed rock blasting and the factors that lead to fragmentation 

through the rock blast design. Blast design is or should be an iterative process, where decisive factors 

such as the required fragmentation and production are used as a starting point for determining optimal 

hole diameter, blast geometry, explosives and initiation type, and detonation timing (Society For Mining, 

Metallurgy, And Exploration, Inc., 2011). This thought-process can be seen in Figure 8, summarizing 

the present chapter, specifically applied to bench blasting. Bench blasting is characterized by the drilling 

of vertical (or subvertical) holes in one (or several) rows from a (or multiple) free surface(s) with the 

pursuit of maximum fragmentation and swelling of rock (Jimeno, Jimeno, & Carcedo, 1995). 

 

Figure 8: Blast design process and its relationship with controllable and uncontrollable parameters (adapted from 
Hustrulid, Kuchta, & Martin, 2013). 

  

Controllable 

Uncontrollable 



10 

2.3.1. Objectives 

Rock blasting has two main objectives: fragmentation and rock displacement. Rock fragmentation is of 

utmost importance throughout the mining operations, its purpose being threefold: “to liberate valuable 

minerals from the ore matrix, to increase surface area for high reactivity, and to facilitate the transport 

of ore particles between unit operations” (Society For Mining, Metallurgy, And Exploration, Inc., 2011). 

A well-performed rock blast transforms the compact rock formation into fragments small enough to be 

admitted by the load and haul equipment and by a processing plant (Sandvik Tamrock Corp., 1999). 

Rock displacement is useful for increased productivity of the loading operation. 

These two main objectives are achieved through the transformation of the explosive’s energy into 

several processes (Hustrulid, Kuchta, & Martin, 2013): 

• Extending pre-existing fractures; 

• Creating new fractures; 

• Displacing the blasted rock mass relative to the remaining rock mass, known as loosening; 

• Moving the centre of gravity forward, known as heave; 

• Undesirable, generally environmental, effects: flyrock, ground vibrations, air blast, noise. 

How the energy is partitioned into the categories above depends upon the explosive properties, the rock 

mass, the blast properties and general rock dynamics, as will be discussed ahead. 

2.3.2. Controllable and Uncontrollable parameters 

On a behavioural and fundamental basis, rock masses have different resistance (or ease) to 

fragmentation by blasting — this is referred to as the blastability of a rock mass (Akbari, Lashkaripour, 

Bafghi, & Ghafoori, 2015) and its understanding forms the theoretical basis of blasting optimization 

design: it can be used to select suitable explosives and infer the explosive unit consumption, as well as 

determine blasting parameters that, most likely, will lead to an acceptable fragmentation.  

The parameters that determine fragmentation by blasting may be divided into two general categories, 

on whether engineers can influence the fragmentation or not: controllable and uncontrollable 

parameters, respectively. Furthermore, these parameters can be divided into four groups (Kulatilake, 

Qiong, Hudaverdi, & Kuzu, 2010): 

1. Explosive parameters;  

2. Blast design parameters;  

3. Intact rock physical and mechanical properties; 

4. Discontinuities physical and mechanical properties and rock mass structure parameters. 

The parameters of the first and second groups are controllable, being related to human-created factors, 

while the third and fourth groups are related to in-situ natural properties. While the uncontrollable 

parameters may be the most relevant ones regarding the blast fragmentation success and analysis, the 
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controllable parameters are those that provide improvement potential and are, by that extent, more 

interesting for a blast optimization process. 

How the controllable and uncontrollable properties interact is mainly due to rock dynamics. 

2.3.3. Rock dynamics elements 

Rock dynamics is the field of rock mechanics dedicated to the study of the intact rock and rock masses’ 

responses to dynamic phenomena; a preeminent subject of this field is the application of explosive 

charges for rock blasting. Blasting theory itself is a complex and extensive system but it is necessary 

here to understand the variation in the resisting and deformability properties of rocky materials in 

response to the exterior dynamic action and the velocity of the said action (Dinis da Gama & Navarro 

Torres, 2002). 

An explosion is a self-propagating, exothermic reaction, characterized by a rapid increase in volume 

and violent release of energy, typically through the generation of high temperatures and the release of 

gases, creating extremely high pressures inside the blast hole (Krehl, 2009). 

Rock masses are affected by a detonation in two main, sometimes overlapping, stages regarding 

explosive energy utilization: the shock wave energy stage (dynamic stage) and the expansion gases 

energy stage (quasi-static stage). The whole process is summarized in Figure 9 in five instants. 

 

Figure 9: Detonation process in a rock mass (adapted from Dowding & Aimone, 1992). 

First, after the detonation of explosive, in the shock wave energy stage (dynamic stage), the exploding-

induced shock wave carries two orthogonal components: a compressive (𝜎𝑟) and a radial (𝜎𝜃) 

component. These are felt instantly on the blast hole wall, stressing the rock by compression (Peng, 

Wangxiao, Wenbo, Ming, & Chuangbing, 2016). The pressure is much higher than the rock mass 

compressive strength, crushing the wall as shown in the instant 𝑡1 of Figure 9. As the distance increases, 

attenuation affects the wave, now producing radial cracks, as shown in the instant 𝑡2 of Figure 9. As the 

shock wave travels, gas expansion begins (𝑡3). Then follows the instant 𝑡4, when the shock wave travels 

until any free faces are met, such as the bench faces or natural air-filled joints, being reflected; the shock 

waves now expose the rock to tensile forces, which explains the significance of free faces (Figure 10). 

As tensile strength of rock is generally small, the rock is fragmented—this effect is eased by the newly 

Free face 
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formed radial cracks. In instant 𝑡5, gas expansion is at a peak and heavy fragmentation is obtained 

through material collision. 

 

Figure 10: Increase in volume of affected rock (in grey) based on the increasing degrees of freedom through the 
increase in free faces (FF). Hole explosive charge is represented in dark grey. Top-left represents one degree of 
freedom. Top-right represents two degrees of freedom with the influence of a lower bench. Bottom-left represents 
the same as the top-right situation but without a lower bench. Bottom-right represents all possible free faces, for 

example in a block (Society For Mining, Metallurgy, And Exploration, Inc., 2011). 

With further attenuation, largely where no free surfaces can be found, the stress wave converts to a 

seismic wave, which does not cause rock failure, leading to the elastic vibration of the rock until all 

energy is completely absorbed (Yilmaz & Unlu, 2013). 

2.3.4. Explosives’ properties 

An explosive is a chemical substance or compound that contains a large amount of potential energy 

which can, partially or integrally, produce an explosion when subjected to an external action (friction, 

heat, impact or shock), causing the rapid expansion of heat and gas into its surroundings (Bernardo, 

2004). 

Explosive materials are often categorized by the speed at which they expand into deflagrating and 

detonating explosives (Dick, Fletcher, & D'Andrea, 1982): 

• Deflagrating explosives: deflagration is the chemical burning of explosive ingredients, associated 

with heat. This happens at a rate well below the sonic velocity and, therefore, conveys no shock 

wave due to its much slower reaction rate (Hustrulid, 1999); 

• Detonating explosives: detonation is characterized by the extremely fast decomposition of the 

material at a speed well above the speed of sound (the Velocity of Detonation, VOD, of these 

materials lies in the estimated range of 1500 to 9000 m/s), creating a shock wave.  
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The velocity of detonation is a relevant factor in the selection of explosive. Generally, higher VODs allow 

harder rocks to be fragmented. Several factors influence the VOD, such as the diameter of the charge 

and explosive density (Dinis da Gama, 1971). Additionally, the VOD affects the detonation pressure, the 

maximum theoretical pressure in the reaction zone, given in Equation 1 (Bernardo, 2004): 

𝑃𝑑 =
𝜌𝑒  ×  𝑉𝑂𝐷2

4
 (1) 

Where 𝑃𝑑 is the detonation pressure of the explosive (Pa), 𝜌𝑒 is the explosive’s density (kg/m3) and VOD 

is the Velocity of Detonation (m/s). As can be seen, higher densities and higher VODs (associated with 

the so called “high explosives”) will create higher detonation pressures. 

Explosives may also be categorized according to their sensitivity. Sensitive materials can be initiated by 

a relatively small amount of heat or pressure, being considered primary explosives; materials that are 

relatively insensitive are considered secondary explosives. In mining operations, a relatively small 

amount of primary explosives is employed just to initiate a much larger amount of secondary explosives. 

Most importantly, several types of explosives are available for rock blasting and the selection of which 

to use is perhaps one of the most relevant aspects of the blast design process. A breakdown of the most 

relevant explosive’s types is presented in Table 1. The type of packaging as well as the water resistance 

is a key aspect of explosive selection, as blast holes are often filled with water, which can permeate 

some of the civil explosives and desensitise them (Sandvik Tamrock Corp., 1999).  

Table 1: Most common explosive types used in mining (adapted from Bernardo, 2018). 

Explosive 

Substance 
Gelatinous Granular Emulsions 

Base 

composition 

Nitroglycerine or 

Nitroglycol 
Ammonium Nitrate plus fuel oil 

Aqueous solution of 

Ammonium Nitrate 

and emulsifiers 

Density 1,40 to 1,50 0,85 to 1,00 0,90 to 1,45 

Packaging Only packaged Bulk and packaged Bulk and packaged 

Water 

resistance 
Good Bad Very Good 

Observations 

Best for smaller 

diameters and for 

smooth blasting 

projects such as 

pre-splitting. 

Cheapest. Safe. High gas 

producing properties, leading to 

good fragmentation in many 

scenarios. Not so good in small-

diameter blast holes and in and 

conditions that require very high 

detonating velocities. Useless in 

water. 

Safest due to water 

resistant properties 

and chemical stability. 

Highest VODs. Wide-

ranging density. 

Increasingly cheaper. 
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Explosive’s selection is generally based on the parameters seen in Table 2. 

Table 2: Selection parameters when for choice of explosive (adapted from Bernardo, 2018). 

Economical factors 
Explosive’s cost, drilling and secondary blasting costs, and 

inferred costs such as loading, hauling and crushing costs 

Rock and rock mass 

characteristics 
Geomechanical properties and rock mass discontinuities’ density 

Type of explosive 
Magnitude and fashion of energy release, characteristic 

impedance, sensitivity and shelf life 

In situ conditions Presence of water, rock temperature 

Environmental restrictions 
Ground vibrations, air overpressure (and resulting noise), flyrock, 

back break, dust emission, fumes 

Desired results Desired fragmentation and necessary rock volume to remove 

Blast Design Diameter, hole length, Burden, Spacing, availability of explosives 

2.3.5. Initiation systems and sequences 

Initiation systems are devices containing primary explosives that, upon receiving an appropriate external 

action, produce a detonation or deflagration, being for this reason used as components within a system 

of explosives to start the detonation of the other components (Dessureault, 2003). 

Blast delay affects both the heave and loosening of the fragmented material, as well as diminishing 

environmental problems such as ground vibrations. Furthermore, the correctly delayed detonation of 

each hole provides an additional free surface that following detonations will capitalize on. 

Correct and precise initiation of explosives is essential in a blast pattern, affecting the influence that 

each hole exerts over the surrounding rock. For example, in Figure 11, timing scatter causes the 4th and 

6th timed holes to detonate first, which will imply that a hole will affect the designated area of its 

neighbours. The result is often seen in the form of large boulders, since the holes whose influence was 

decreased will no longer contribute so much to the overall fragmentation (Sandvik Tamrock Corp., 

1999). 

 

Figure 11: Influence of correct hole temporization in rock blasting (Bernardo, 2018). 



15 

Three general types of initiation systems are available for use in commercial blasting (Society For 

Mining, Metallurgy, And Exploration, Inc., 2011): 

• Electric detonators: are initiated when current is introduced via two exterior wires into a bridge 

wire within the detonator shell. This bridge wire then heats up, igniting a pyrotechnic charge, 

which is fashioned to burn at a given velocity, defining the amount of time before reaching the 

primary explosive; 

• Non-electric systems: many types of initiation systems can be considered non-electric such as 

detonating cord, blasting caps, and non-electric shock-tube detonators; the latter being by far the 

most popular and being responsible for the decline of use of the electric detonator. The non-

electric system is composed of a plastic tube which is thinly covered internally with a reactive 

substance which can transmit a shock wave introduced by, for example, a detonator at one end 

of the tube. This initiates a delay element in a non-electric detonator connected to the other end 

of the tube, similarly to an electric detonator. Surface delay elements, used in conjunction with in 

hole delays, can provide a large variety of delays in blasting patterns; 

• Electronic detonators: use a microchip instead of the pyrotechnic delay element and a capacitor 

to supply the discharge energy for ignition. A remote blasting machine constitutes the central 

element of the initiation system, supplying the detonators with energy and determining the 

allocated delay time for each detonator (enabling extremely precise, flexible and almost infinite 

amount of theoretical delays). 

Table 3 offers a breakdown of the initiation systems relevant to this work. 

Table 3: Initiation system types commonly used in quarry in Portugal (adapted from Bernardo, 2018). 

Type Electric Non-electric Electronic 

Cost Cheapest Cheap Costly 

Accuracy 
1-10 ms delay 

scatter 
1-10 ms delay scatter 

Extremely Precise (10 μs 
error independently of 

delay) 

Nb. delays Little Very high High 

Security 

Insecure: very prone 
to unintended 

initiation due to 
extraneous electricity 

Secure: safe from stray 
electrical currents and 

radio frequency 
hazards. Mostly 

insensitive to 
concussion and heat 

Most secure: Cannot 
detonate without a unique 

activation code 

Application 

Small blasts without 
special 

fragmentation or 
vibration requisites 

Large blasts without 
special fragmentation or 

vibration requisites 

Large blasts with special 
fragmentation or vibration 

requisites 
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2.3.6. Blast design pattern 

The blast design pattern has many controllable parameters and is generally the most variable factor of 

the blast design process, being frequently the subject of optimization. The blast design pattern 

parameters are generally related to the amount of explosive per hole, the initiation sequence and, most 

notably, the blast hole geometry of which the main parameters can be seen in Figure 12. 

 

Figure 12: Main drilling hole geometry parameters (adapted from Sandvik Tamrock Corp., 1999). 

In bench blasting, there is normally a long dimension and a short dimension of the bench; the rows of 

blast holes are generally aligned in parallel to the long dimension. The holes should be and are 

commonly drilled in parallel to the bench face, the main free face. Often, this bench face is slightly 

inclined relatively to the bench toe, maximizing the work done by the explosive charges and increasing 

the drilled length or hole depth (H) (Bernardo, 2004). 

The hole depth can be divided into the explosive charge length (L) and the stemming length (T). The 

explosive charge length can be divided into the bottom charge length and the column charge length 

(BCL and CCL, respectively), each containing explosives of different properties, unless the hole is 

loaded integrally with the same explosive. Stemming is done by placing inert material such as drill 

cuttings, sand, or gravel (in order of competence) to contain the explosive gases in the hole for a slightly 

longer time, in turn to increase rock fracturing and to reduce the inevitable air shock wave. Sometimes 

an explosive charge—designated by pocket charge (Figure 13)—is lodged amongst the stemming 

material to improve fragmentation in the upper chapter of the hole.  
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Figure 13: A pocket charge, an explosive charge lodged amongst the stemming (Sandvik Tamrock Corp., 1999). 

The burden (B) is defined as the distance to the blast hole from the free face (the intra-hole burden 

being between the individual rows of holes). The spacing (S) is the distance between holes of the same 

row.  

Generally, the holes are drilled below the bench toe, which essentially serves the purpose of placing 

some explosive material underneath the bench toe, allowing for a smoother inferior bench surface. This 

distance is referred to as subdrilling (J) (Hustrulid, Kuchta, & Martin, 2013). 

The relations and measures of the above seen parameters (B, S, J, T, H) are commonly deduced from 

empirical relations such as the ones developed by Ash (1963) and since then have been confirmed as 

an extremely effective approximation to the ideal case-to-case blasting pattern. However, the blasting 

pattern parameters must always be adapted to each geological set of constraints.  

2.3.7. Influence of rock characteristics 

As mentioned in Chapter 2.3.2, the third and fourth group of parameters affecting blast fragmentation 

are intact rock properties, and discontinuities properties and how both affect the overall rock mass 

structure parameters, physically and mechanically. 

The principal intact rock physical and mechanical properties that are usually considered relevant to 

blasting are: density, dynamic compressive and tensile strength, shear strength, dynamic elastic 

properties, hardness, mineral composition and grain size, and deformability (Kulatilake, Qiong, 

Hudaverdi, & Kuzu, 2010). 

On the other hand, the physical and mechanical properties of rock mass are heavily dependent on not 

only the intact rock physical and mechanical properties, but also on the discontinuities existing 

throughout the rock mass. As such, relevant factors are the number of discontinuity sets, the orientation, 

size, spacing and intensity distributions of each discontinuity set. Their importance rests in acting as 

free faces as far as shock wave propagation is concerned.  

Therefore, the discontinuities’ infilling material properties are also important; they determine how the 

shock wave is propagated to the next intact block (Kulatilake, Qiong, Hudaverdi, & Kuzu, 2010). As an 
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overall rule, it is preferable to place the necessary explosive blast holes and charges inside a set of 

discontinuities than relying on transferring explosive energy across them. For this reason, enhanced 

breakage is achieved by placing blast holes within solid blocks bound by discontinuities, as can be seen 

in Figure 14: if the schistosity or jointing is vertical (or near vertical), better fragmentation can be 

achieved if the direction of movement is at a right angle to the planes (Sandvik Tamrock Corp., 1999).  

 
Figure 14: Useful hole drilling by positioning holes between discontinuities (adapted from Sandvik Tamrock Corp., 

1999). 

From what has been briefly mentioned above, it can be seen that fragmentation is largely affected by 

the nature of the rock—one of the most significant, albeit impractical characteristics of rock lies in its 

variability. Blasting patterns can and must be designed to take advantage of the rock structure of each 

location, allowing even for considerable local variations in the same quarry.  

2.4. Economical relevance of mining unit operations 

The mining sector is crucial to the world’s economy and remains as one of its main barometers. The 

global top 40 mining companies represent the vast majority of the industry, reporting 496 billion U.S. 

dollars of revenue in 2016 (Statista , 2018).  

However high these numbers may seem, this source also states that the net profit margin of this industry 

decreased from 25% in 2010 to 4% in 2016. As prices on mineral commodities are increasingly being 

set by worldwide supply and demand, cost reduction and production optimization through efficient, safe 

and environmentally sound mining practices is essential to the development of the mining sector 

(Hustrulid, Kuchta, & Martin, 2013). This author goes on to add that “where the mining engineer can and 

does enter is in doing something about the unit costs”. 

Also, most mining operations and the technologies they apply are similar to the practices in the 1960s 

to 1980s (Society For Mining, Metallurgy, And Exploration, Inc., 2011). Therefore, the relative cost of 

each mining unit operation has been a topic of interest since then: namely, their relationship with rock 

fragmentation. Other operational variables can be of interest, such as the duration of each operation, 

but these are harder to compare from one mining operation to another. 

Mackenzie (1966) established that loading, hauling and crushing costs decreased with finer rock 

fragmentation. However, to create this finer rock fragmentation, an investment had to be made in the 

drilling and blasting operations, increasing the costs of these two unit operations. This train of thought 
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is shown in Figure 15, in which can be seen that “the summation of costs resulted in an inverted cost 

curve with a minimum fragmentation cost and thus optimum fragmentation size” (Morin & Ficarazzo, 

2005) where optimal and minimal cost can is generally obtained by investing more in the drilling and 

blasting unit operations rather than in the subsequent ones. More specifically, (Kojovic, Michaux, & 

McKenzie, 1995) confirmed that an intentional increase in the cost of drilling and blasting is 

overwhelmed by the downstream benefits of improved fragmentation, with savings in loading and 

crushing greater by an order of magnitude than the increase of the drilling and blasting costs. 

 

Figure 15: Cost optimization as a function of maximum fragment size (adapted from Dinis da Gama & Jimeno, 
1993). 

The concept of optimum fragmentation is important for optimizing a drilling and blasting program that 

can minimize the overall cost of a mining operation (Hustrulid, 1999), (Kanchibotla, 2001) and (La Rosa, 

2001). 

Furthermore, this optimum fragmentation concept embodies the notion of an “inclusive”, “integrated” or 

“global” mining project economy, in which any exaggerated attempt at cost reduction in one specific 

operation will often have a negative impact on all downstream operations (Bernardo, 2004); this can be 

particularly harmful where upstream operations are concerned, such as drilling and blasting. 

The cost of the drilling and blasting operations is directly related to the degree of fragmentation that is 

sought—as the degree of fragmentation increases, so do the unit costs. Increasing the degree of 

fragmentation can be achieved by increasing the quantity of the explosive (e.g., by increasing the 

explosive column height) or the quality of the explosive (including factors such as more detonation 

pressure as a result of a higher VOD). In the first hypothesis, the cost associated with drilling will 

increase, requiring more explosive to blast the same amount of rock. For the second hypothesis, the 

cost of drilling remains unchanged at the expense of a costlier blasting operation, in the form of costlier 

detonators, such as electronic detonators. 

Regarding the loading operation, its efficiency is closely related to the one of the rock blasting operation, 

namely the degree of fragmentation attained and the displacement of the pile, besides other, less 

relevant factors. An overly dense muck pile and overly large rock fragments hinder the operation, leading 
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to reduction in the loading rate and an increase in wear to the loading equipment (Thurley, 2002). 

Smaller rock fragments allow the loading equipment to fill more easily their buckets, ultimately resulting 

in a smaller number of loading cycles, cutting both costs (in both equipment and fuel consumption) and 

operational duration (Hustrulid, 1999). This basically means that a smaller fragmentation permits a more 

effective bucket fill factor (Caterpillar, 2017). 

The transport operation is similarly affected by the post-blast fragmentation: larger rock fragments affect 

transportation productivity, as they effectively decrease the truck’s carrying capacity of material by 

lowering their bulk volume, likewise increasing the number of transport cycles required to carry the same 

amount of rock. Correspondingly, this implies additional wear on the equipment but, in contrast, fuel 

consumption is heavily increased (along with its ever-rising price). 

Crushing is likely to be the most affected operation by the degree of fragmentation. According to Eloranta 

(1995) and Paley & Kojovic (2001), the majority of the electrical power consumed in a mining exploitation 

is used in the crushing and milling operations. Additionally, this enormous amount of energy is largely 

unused, as it is stated that less than 1% of the electrical energy is translated into the actual breaking 

process (Society For Mining, Metallurgy, And Exploration, Inc., 2011). Workman & Eloranta (2003) 

describe that the energy consumed in the crushing process varies as such: 

1. The coarser a rock fragment is, the longer it will have to “reside” in the crushing equipment until 

it attains the desired minimum passing size (this can be summarized by its size reduction ratio) 

and, as such, more energy is required; 

2. As mentioned before, rock blasting induces fractures in the surrounding rock; an increase of the 

number of these fractures would reduce the amount of energy necessary to crush a rock fragment;  

3. Finer rock fragments will pass straight through the crushing equipment without being subject to 

its action, effectively diminishing the amount of rock that needs to be crushed, saving energy. 

Additionally, rock size reduction is almost always cheaper through chemical energy (using explosives) 

than through mechanical means (being specifically cheaper than crushing)—even if control of the 

fragmentation process is sacrificed in the blasting operation for overall cost reduction when compared 

to the crushing operation (Rothery & Mellor, 2007). 

2.5. Rock particle characterization 

Two sets of particle properties can be considered (Kelly & Spottiswood, 1982): fundamental and derived. 

Fundamental properties describe the particle thoroughly. Derived characteristics are (ideally) fixed by 

and dependent on the set of fundamental properties; an example would be mechanical properties 

depending on chemical composition and phase arrangement. 

The two most important fundamental properties are the size of the particles and their composition, while 

the other two less fundamental properties are shape and structure (e.g., arrangement of constituent 
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phases) of the particles (Kelly & Spottiswood, 1982). In this work, emphasis will be given to size and 

other properties that affect size measurement. 

For regular and compact particles such as cubes, a single dimension can be used to define size. With 

some other regular particles, it may be necessary to specify more than one dimension. For irregular 

particles, it is interesting to estimate the size of a particle in terms of a single measure, which is usually 

labelled as equivalent diameter—the diameter of a sphere that would behave in the same manner as 

the particle if submitted to a specified operation” (Kelly & Spottiswood, 1982). 

Mining operations deal with vast populations of particles, imposing the need for a system that is able to 

describe the dimensional properties of the particles. This system must, simultaneously, be sensitive to 

individual particle properties whilst showing the overall distribution of a population. This type of system 

is called a distribution function (Kelly & Spottiswood, 1982) and, in this case, particle size distribution 

functions. 

Usually, distributions can be expressed as discrete values or continuous functions, in either incremental 

or cumulative form; both cases can be seen in Figure 16. 

 

Figure 16: Discrete and cumulative particle size distribution, and useful cumulative statistical parameters such as 
d50, also designated as median particle size (Innopharma Technology, 2018). 

The fraction of particles that has a specific value of size 𝑥𝑖  is given by 𝑝𝑖, as can be seen in Equation 2, 

where 𝑝(𝑥) is the distribution density function of size. 

𝑝(𝑥) = 𝑝 ⇒  𝑝(𝑥𝑖) = 𝑝𝑖 
(2) 

As size distributions are inherently continuous, it is appropriate to consider discrete classes of particles, 

in which case 𝑝𝑖 is the fraction of particles that have property values between 𝑥𝑖 and 𝑥𝑖+1, as seen in 

Equation 3. 

 

𝑝𝑖 = ∫ 𝑝(𝑢)𝑑𝑢
𝑥𝑖+1

𝑥𝑖

 (3) 
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The cumulative distribution function, 𝑃(𝑥), is defined as the fraction for which size is less than some 

specific value 𝑥𝑖, being for the discrete case (Kelly & Spottiswood, 1982) given by Equation 4. 

𝑃(𝑥) = ∑ 𝑝𝑗

𝑥

𝑗=1

 ⇒  𝑃(𝑥𝑖) = ∑ 𝑝𝑗

𝑥𝑖

𝑗=1

 (4) 

And for the continuous case, the expression is given in Equation 5 (Kelly & Spottiswood, 1982). 

𝑃(𝑥) = ∫ 𝑝(𝑢)𝑑𝑢  
𝑥

0

⇒   𝑃(𝑥𝑖) = ∫ 𝑝(𝑢)𝑑𝑢  
𝑥𝑖

0

 (5) 

In particle size distributions, some specific values of central tendency have special interest, being useful 

for statistical assessment. In this work, only the sample statistical indicators are relevant, as opposite to 

those derived from a whole statistical population, which are: 

• The arithmetic mean diameter (�̅�) is the arithmetic average particle diameter of the distribution, 

defined as being equal to the sum of the size of each particle divided by the total number of 

particles; 

• The median particle size (𝑀𝑑, in this case seen as 𝑑50 in Figure 16) is the particle size that 

separates the frequency distribution in half; 

• Other practical diameters are 𝑑10, 𝑑25, 𝑑75, 𝑑80 and 𝑑90, corresponding to frequency percentiles. 

2.6. Particle size distribution measurement methods 

From what has been stated in the previous chapters, it should be obvious that methods and equipment 

that determine rock fragmentation (more specifically, particle size distribution) are extremely useful.  

Throughout the history of mining, several methods have been developed for this purpose and can be 

classified under two broad categories, direct and indirect methods (Siddiqui, Ali Shah, & Behan, 2009) 

on whether they handle physically the rock fragments or not, respectively. 

Direct particle size distribution measurement methods are accurate methods of evaluating 

fragmentation, albeit “costly, time-consuming and inconvenient” (Sudhakar, 2006) and, as such, are not 

the focus of this thesis. Within this category, sieving is the most common method and briefly viewed in 

the next subchapter. 

Indirect size distribution methods do not handle the rock fragments directly and, therefore, are innately 

more efficient, albeit more imprecise; these methods can be separated into observational, empirical or 

image analysis methods (Sudhakar, 2006). Given the sheer advantages these methods have to offer, 

they are of special interest and will be detailed in the following subchapters. 
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2.6.1. Sieving 

Sieving (or screening) is in mining the standard method of sizing stone materials (Maerz, 1998) and 

(Salinas, Raff, & Farfan, 2005). According to (Salinas, Raff, & Farfan, 2005), sieving is a process in 

which rocks are passed vertically through a series of gradually smaller, well-defined, screens where the 

rocks pass onto the next screen or not. At this point, the accumulated rocks are weighed and classified 

into precise size ranges (assuming uniform rock density, rock volumes can be used instead). 

The benefits of this type of rock particle size separation are notable when particle size is relatively small 

and sample sizes are manageable: it offers “easy handling, low investment costs, precise and 

reproducible results in a comparably short time and the possibility to separate the particle size fractions”, 

while fulfilling international standards (Retsch GmbH, 2018). As mining typically handles rather large 

amounts of rock material that present high variability in size, screening is characteristically impractical 

due to slow feedback, unreliable measurement, time-consuming interruption of operations (Thurley, 

2013), being inconceivable for all but small blasts in a research environment (Maerz, 1998). 

Furthermore, it is limited by the upper limit of screen sizes, which frequently do not extend beyond 0,5 

m (Retsch GmbH, 2018). 

2.6.2. Observational methods 

Visual observation consists of inspecting the rock muck pile and intuitively judging the performance of 

the blast (Bamford, Esmaeili, & Schoellig, 2017). Visual observation methods are, most assuredly, the 

oldest, fastest and most common methods of particle size distribution measurement methods—mainly 

because they hardly fulfil this purpose, leading to extremely inaccurate results. Nonetheless, they 

provide an early approximation to information that other methods are blind to, such as muck pile 

geometry, muck pile displacement, and boulder count (Sereshki, Hoseini, & Ataei, 2016). This last 

aspect is important, since large (over one meter) boulders are rarely too massive for loading (hence, for 

transport and crushing), they almost never are accounted for in other particle size distribution methods. 

2.6.3. Empirical methods 

Empirical, semi-empirical, or blasting fragmentation prediction methods are models that consider 

controllable and uncontrollable blasting parameters to determine the size distribution of blasted rock 

(Sereshki, Hoseini, & Ataei, 2016). In general, these models have two main components: an equation 

for calculating the average size of fragments (𝑑50 or 𝑥50) or a similar point (such as 𝑑80 or 𝑥80) and a 

distribution function passing through the aforementioned point (Jahani & Taji, 2015). 

Despite the recent advances in more modern, accurate, computer-based statistical methods, empirical 

methods remain a comparison staple in the mining sector due to their higher speed in achieving a 

concrete result and foregoing the need for a restrict or paid software or algorithm (Jahani & Taji, 2015). 

Furthermore, software or algorithm-based methods of fragmentation prediction are rarely extensively 

tested, thus have little comparing value. 
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These models have evolved and built upon each other since their creation, and so it is simpler to present 

the most important ones, according to Jahani & Taji (2015), chronologically, as seen in Figure 17. 

 

Figure 17: Timeline of empirical blasting particle size prediction models (adapted from Jahani & Taji, 2015). 

The Kuznetsov model (Kuznetsov, 1974) is a semi-empirical equation (being based upon field studies) 

and is displayed in Equation 6 (Kulatilake, Qiong, Hudaverdi, & Kuzu, 2010). 

𝑋50 = 𝐴 × (
𝑉

𝑄
)

0,8

× 𝑄(
1
6

)
 (6) 

Where 𝑋50 is described as the mean fragment size (cm) when it is actually the median fragment size, 

as stated by Spathis (2004), 𝐴 is the rock factor (determined as “7 for medium rock, 10 for hard highly 

fissured rock, and 13 for hard weakly fissured rocks”), V is the rock volume blasted per hole (m3), 𝑄 is 

the mass of TNT containing the energy equivalent of the explosive charge in each hole (kg) (Kulatilake, 

Qiong, Hudaverdi, & Kuzu, 2010). For other explosives, the equation can be rewritten as Equation 7. 

𝑋50 = 𝐴 × (
𝑉

𝑄
)

0,8

× 𝑄(
1
6

) × (
115

𝑆𝐴𝑁𝐹𝑂

)

19
30

 (7) 

Where 𝑆𝐴𝑁𝐹𝑂 is the relative weight strength of an explosive when compared to ANFO, in which TNT is 

115 (since ANFO is equal to 100) and 𝑄 is now the mass of explosive per hole. 

To estimate the whole fragmentation distribution, Kuznetsov suggested the usage of the Rosin-Rammler 

equation (Rosin & Rammler, 1933), sometimes called 2-parameter Weibull, given in Equation 8 

(Kulatilake, Qiong, Hudaverdi, & Kuzu, 2010). 

Where 𝑃(𝑥) is, as seen in the last chapter, defined as the fraction (%) for which size is less than some 

specific value 𝑥, 𝑥 is the diameter of fragment (cm), and 𝑛 is the uniformity exponent (or index of 

uniformity).  

Usage of the Schumann distribution and of the Swebrec equation also occur in the literature to predict 

the complete distribution, but the Rosin-Rammler equation appears to be the most popular one (Engin, 

2009). 

Kuznetsov  
(1974)

Kuz-Ram 
(1983)

Modified 
Kuz-Ram 

(1987)

CZM & TCM 
(1999)

KCO (2005)

Artificial 
Intelligence 

Methods 
(2008 to 
present)

𝑃(𝑥) = (1 − 𝑒
−0,693(

𝑥
𝑥50

)
𝑛

) × 100 (8) 
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However popular the Kuznetsov model is in the literature, especially in older publications, it uses 

narrowly imprecise rock mass categories (Cunningham, 1983) and, even though the Rosin–Rammler 

expression was originally developed to account for the problem of the fines (which differ in scale with 

the bulk part of the rock fragments), it seemed to sometimes incorrectly predict the amount of fine 

particles, as well as generally failing to correctly establish the amount of boulders. Nonetheless, it has 

been recognized as giving a very reasonable description of blasted rock fragmentation (Gheibie, 

Aghababaei, Hoseinie, & Pourrahimian, 2009). 

For these reasons, Cunningham developed what is called the Kuz-Ram model (Cunningham, 1983) and 

Modified Kuz-Ram (Cunningham, 1987), the latter is generally now known as the Kuz-Ram model, 

replacing the first. The Kuz-Ram model has been and is used as a common—if not the most common—

model in the mining industry for predicting rock fragmentation size distribution by blasting (Gheibie, 

Aghababaei, Hoseinie, & Pourrahimian, 2009). 

This model is very similar to the Kuznetsov model of Equation 6 but the rock factor 𝐴 is now given by 

an adaptation of the Blastability Index proposed by Lilly (1986), seen in Equation 9 (Gheibie, 

Aghababaei, Hoseinie, & Pourrahimian, 2009), allowing the average fragmentation to be computed 

based on factors such as the rock density, mechanical strength, elastic properties and geometry. 

𝐴 = 0,06 × (𝑅𝑀𝐷 + 𝑅𝐷𝐼 + 𝐻𝐹) (9) 

The rock factor parameters of Equation 9 are detailed in Figure 18. Gheibie et al. (2009) suggested 

recently that a pre-factor of 0.073 should be used instead of 0,06 for better influence of geological 

parameters but as extensive external testing was not found, this correction was discarded. 
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Figure 18: Rock factor parameters and rates necessary for rock factor (A) estimation (Gheibie, Aghababaei, 
Hoseinie, & Pourrahimian, 2009). 

The Kuz-Ram model also uses the Rosing-Rammler distribution to plot the remaining particle size 

distribution. However, the uniformity exponent of this distribution is here given as a function of blast 

design parameters, as seen in Equation 10 if the hole is loaded integrally with the same explosive: 

𝑛 = (2,2 − 14
𝐵

𝜙ℎ

) (
1

2
+

𝑆

2𝐵
)

0,5

(1 −
𝑊

𝐵
) (

𝐿

𝐻
) (10) 

Where 𝐵 is the hole burden (m), 𝑆 is the spacing between holes (m), 𝜙ℎ  is the hole diameter (mm), 𝑊 

is the standard deviation of drilling accuracy (m), 𝐿 is the total charge length (m) and 𝐻 is the bench 

height (m). In the case the hole is loaded with two different explosives (such as using a bottom charge 

and a column charge), the index of uniformity of the previous equation can be changed to Equation 11 

(Gheibie, Aghababaei, Hoseinie, & Pourrahimian, 2009). 

𝑛 = (2,2 − 14
𝐵

𝜙ℎ
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𝑆

2𝐵
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𝑊

𝐵
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𝐿

𝐻
) (0,1 + |
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𝐿
|)

0,1

 (11) 

Where BCL and CCL are the bottom charge and the column charge length (m), respectively. 
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The creation of a model in which rock influence is better accounted for and in which the geometry of 

each blast can be discriminated resulted in an upgrade in blasted rock fragmentation prediction from 

past models. For this reason, the Kuz-Ram model has been used broadly in practice. Like all models 

are bound to have, it has some deficiencies such as an underestimation of fines (Hall & Brunton, 2002) 

and of large boulders, both weaknesses offered by the Rosin-Rammler distribution (Ouchterlony, 

Sanchidrián, & Moser, 2017). 

These issues were addressed by Hall & Brunton (2002) introducing what are nowadays designated as 

the JKMRC models: the CZM (Kanchibotla, Valery, & Morell, 1999) and TCM (Djordjevic, 1999) models, 

both examples of extended Kuz-Ram models with bicomponent Rosin-Rammler distributions. These 

models are described as providing what is possibly the best description of fragmentation by separating 

the fine and coarse chapters of the muck pile between two Rosin-Rammler distributions and by using 4 

and 5 parameters respectively (these being particularly specific parameters such as adiabatic constants) 

whereas the Kuz-Ram model only requires two simple parameters. Due to their precision, both models 

are now extensively used in mine to mill in-depth applications (Ouchterlony, Sanchidrián, & Moser, 

2017), but some authors state that these models lack the most primary feature of fragmentation models 

which is “simplicity in calculating entrance parameters” (Jahani & Taji, 2015). Therefore, the JKMRC 

models will not be considered in this work. 

Another useful solution to the problems presented by the usage of the Rosin-Rammler distribution by 

the Kuz-Ram model came by replacing this distribution by the Swebrec distribution (Ouchterlony, 2005). 

The Swebrec distribution, displayed in Equation 12, effectively diminishes two Kuz-Ram main 

drawbacks—the poor predictive capacity in the fine’s range and the upper limit cut-off of block size or 

boulders.  

𝑃(𝑥) =
1

1 + [
ln (

𝑥𝑚𝑎𝑥

𝑥
)

ln (
𝑥𝑚𝑎𝑥

𝑥50
)

]

𝑏 × 100 

(12) 

Where 𝑃(𝑥) still defined as the fraction (%) for which size is less than some specific value  𝑥, 𝑥 is the 

diameter of fragment (cm), 𝑥𝑚𝑎𝑥 is the maximum fragment size Equation 13, 𝑥50 is the median fragment 

size Equation 15 and 𝑏 is a curve-undulation parameter Equation 14. 

𝑥𝑚𝑎𝑥 = min(𝑆𝑓 , 𝑆, 𝐵) (13) 

Where 𝑆𝑓 is the in situ block size determined by the influence of fracture or discontinuity families, 𝑆 is 

the spacing between holes (m) and 𝐵 is the burden. The curve-undulation parameter is: 

𝑏 = 𝑛 (2 × ln(2) × ln (
𝑥𝑚𝑎𝑥

𝑥50

) )  (14) 

Where 𝑛 is still the index of uniformity of the Kuz-Ram model (seen in Equation 10 or 11). 
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The Swebrec function was inserted in the Kuz-Ram model in what is known as the KCO (Kuznetsov-

Cunningham-Ouchterlony) model, proposed by Ouchterlony (2005). This model has gained popularity 

since its presentation and seems to be the new staple in the industry. The KCO model also starts by 

defining 𝑥50, as can be seen in Equation 15.  

𝑥50 =  𝐴 × 𝑞−0,8 × 𝑄
1
6  × (

115

𝑆𝐴𝑁𝐹𝑂

)

19
30

 (15) 

Where 𝑞 is the specific charge (kg/m3), seen in Equation 16: 

𝑞 =
(𝐵𝐶𝐿 × 𝜌𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒(𝐵𝐶) + 𝐶𝐶𝐿 × 𝜌𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒(𝐶𝐶))  ×  𝜋 × 𝜙ℎ

2 

4 ×  𝐵 ×  𝑆 ×  𝐻 
 (16) 

Where 𝜌𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒(𝐵𝐶) and 𝜌𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑣𝑒(𝐶𝐶) are respectively the bottom charge and the column charge 

explosive density (kg/m3) and 𝜙ℎ  is the hole diameter (Ouchterlony, 2005).  

Since then, new models such as the work developed by Inanloo, Sereshki, Ataeiorcid, & Karamoozian 

(2018) and additional corrections such as the ones proposed by Cunningham (2005) and Spathis 

Spathis (2004) to previous models (or to the KCO itself) have been developed; as these remain mostly 

untested by external sources, they will not be accounted for in this work. It should be mentioned that 

adaptation of the blasting pattern to the local geology is one of the factors that makes empirical rock 

size distribution methods predict incorrect results, as this adaptation is generally not accounted for in 

these methods. 

2.6.4. Image analysis methods 

From what has been seen above, empirical methods of determining particle size distribution serve as a 

useful prediction tool from a blast design standpoint but they serve no purpose as a process control tool. 

Before the rise of image analysis methods, process control was done through the laborious method of 

sieving. Following the exponential rise of computer processing power and analysis tools, it has now 

become the staple method of fragmentation process control, for several reasons other than being less 

demanding than sieving. 

Rock particle size measurement using machine vision has been the subject of research and 

development since the 1980s, centred around photographic based systems. This development had 

widely contrasting degrees of success, providing no general solution available (Thurley, 2013). 

Conducting image analysis, involves taking 2D photos, stereo “3D” images or 3D laser scans of the rock 

pile (or of the conveyor belt or in a laboratory) and processing these images to determine the particle 

size distribution of the blasted muck pile. It has, therefore, distinguishable phases (Elahi & Hosseini, 

2017): a sampling phase where site selection is performed to obtain samples that represent the blasted 

rock mass, an imaging phase where high quality images are obtained and prepared for analysis, and 
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an analysis phase after which the size distribution is obtained. It should be noted that 2D image 

acquisition generally requires a scale element, for example the basketball seen in Figure 19. 

 

Figure 19: Requirement of a scale element in 2D image analysis (adapted from Faramarzi, Mansouri, & Ebrahimi 
Farsangi, 2013). 

Image analysis techniques are generally and variously applied to coloured, greyscale and binary images 

and include thresholding (Figure 20), image mathematical morphology, contrast enhancement (such as 

equalization), edge detection, and segmentation (region growing or watershed) (Thurley, 2002). 

 

Figure 20: Thresholding application creates binary images from grey level images based on the intensity 
associated to each pixel, assigning the value 0 to the pixel with an attribute below a given value (threshold) and 

the value 1 to the pixels with intensities above that threshold (adapted from Pina, 2018). 

Different methods of analysis will employ different techniques and in different sequences (Figure 21), 

there being no clear perfect solution for every scenario. The end result in particle size analysis generally 

is a measurement of a statistical average diameter (Maerz, Palangio, Palangio, & Elsey, 2007). 



30 

 

Figure 21: Example of an image analysis sequence of operations–a binary mask is calculated after filtering and 
thresholding the input image, the inverse of the distance transform is applied to the binary mask, a watershed is 

then applied, resulting a labelled false-coloured image (ImageJ, 2018). 

Most importantly, image analysis techniques enable practical, fast, and sufficiently accurate 

measurement of rock fragmentation (Bamford, Esmaeili, & Schoellig, 2017). Samples are prepared 

swiftly and do not or barely disrupt the production process, allowing for large data collection, since there 

is no limitation on the mass size and volume. This, in turn, can reduce sampling errors. Moreover, the 

results can be analysed quickly, relatively to sieving. The price of equipment required for this method is 

also more affordable—nowadays most 2D images can be obtained with a mobile phone or tablet, either 

with a specific application or through the usual camera software—the cost being associated with 

software license obtainment (Tavakol Elahi & Hosseini, 2017). 

The downside of this type of technology lies in quality of the results and in their subjectivity. This 

subjectivity stems from the errors consequential to the complexity of the method, what is needed to 

counter them and the power it gives to the user. While sieving errors are generally limited to sampling 

issues, there is a high number of sources of error relevant to techniques that measure only what is 

visible on the surface of a muck pile.  

While some of these errors can be corrected by user “point-and-click” selection and manual particle 

delineation, it is a time-consuming process, requiring careful input and experience from the user. In turn, 

this renders correction of heavy data sets almost impossible and creates a significant variability from 

user to user in the final particle distribution. This can be seen in Figure 22, where the delineation is much 

more precise on the right image, affecting accuracy, precision, and reproducibility of measurement 

results (Maerz & Zhou, 1998) and (Zelin, Jianguo, Lihua, & Yuemin, 2012). 

 

Figure 22: Left, automated delineation of particle boundaries in SplitDesktop software; right, manual delineation of 
particle boundaries in SplitDesktop software. In both, the particle contours are in dark blue, (a) corresponds to a 

random pile and (b) corresponds to the same particles distributed so that none are hidden (adapted from 

Sereshki, Hoseini, & Ataei, 2016). 
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It is necessary to consider these errors consequential to the complexity of this method to ensure a 

measurement system and methodologies that can be stable, reliable and repeatable. The errors, 

according to Thurley (2013), are as follows, in no particular order, as the influence of each error is not 

yet fully understood nor is it likely to be, given the disparity of scenarios: 

• Particle delineation error: concerns the general inaccuracies of determining the correct 

delineation of each individual particle in the measured surface. This can be due to perspective 

distortion, uneven lighting conditions, excessive shadowing, as well as texture and colour 

variation in the pile, this last being exacerbated by wetness; 

• Sub-resolution particle error: concerns the inability of an imaging system to see fine particles 

below the resolution of the sensor. Sub-resolution particles (areas-of-fines) then tend to be 

grouped into larger regions and erroneously classified as larger single particles. This error will 

also determine the lower limit of particle size that can be reliably detected, and the resolution of 

size classes detectable (Thurley, 2011); 

• Size segregation error or the “brazil-nut-effect”: concerns the tendency of the pile to arrange itself 

into groups of similarly sized particles following vibration or motion. This results in large particles 

being moved to the surface, while smaller particles escape downwards through voids; 

• Overlapped particle error: concerns the fact that many particles can be overlapped by other 

particles, being only partially visible. If overlapped particles are not discarded, they are treated as 

small non-overlapped and will be sized using only their visible profile. This results in a bias 

towards the smaller size classes; 

• Capturing error: concerns the simple fact that a larger particle is more likely to appear on the 

surface of the pile, the varying probability increasing exponentially relatively to particle size. While 

it may be connected to size segregation error, it affects mostly massive (well over 1 m) particles; 

• Profile error: concerns the fact that only one side (or little more than one side with 3D images) of 

a visible particle can be seen. This may lead to an estimation error if the particle captured profile 

is not its largest profile; 

• Sample delimitation and extraction error: concerns the fact that particles near the borders of an 

image generally are not integrally included in the image, resulting in a different type of delineation 

error and in a bias towards smaller classes of particles; 

• Weight estimation error: concerns the fact that non-contact measurement uses methods of 

mapping the weight of particles from numbers of particles and therefore makes a significant 

number of assumptions such as constant density in a sample. 

The rectification of these errors requires different approaches, besides the mentioned manual editing. 

Some amount of segregation error can be avoided by imaging from a pile and not from loading or 

haulage equipment. Sample delimitation and extraction error can be avoided by automatically discarding 

fragments that touch the image boundaries.  

However, many of these errors have for source the use of two-dimensional imagery. By using 3D data, 

the impact of many of these errors can be diminished. For example, depth variation in the data allows 
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distinction between entirely and partially visible fragments, reducing the overlapped particle error 

(Thurley, 2002), as well as the profile error. Logically, the implementation of a third dimension adds 

newfound complexity and errors to sampling, imaging and processing, but no detailed research of 

exclusive 3D-induced errors has been found. 

That said, 2D software is still the industry standard, there being several image processing programs 

which have made expedient and rather accurate blast fragmentation distribution assessment possible, 

the most popular being Split Desktop, PowerSieve, WipFrag, FragScan and GoldSize (Sereshki, 

Hoseini, & Ataei, 2016). 

It should be noted that the application of 2D or even 3D software in underground operations has been 

rather limited: conventionally used optical image systems have several limitations when used 

underground such as lighting, dust, water and colour which affect particle delineation (Campbell & 

Thurley, 2017).  

The application of this technology has generally been on conveyors but, by then, the rock has usually 

passed through a primary crusher and therefore is no longer completely indicative of the blasting 

process performance. This means that the most interesting measurements from a blasting analysis point 

of view which do not affect operations have to be made by imaging the rock while in transit between the 

muck pile and the primary crushing station.  

Measurements of this type are much more complex (Maerz, Palangio, Palangio, & Elsey, 2007), 

involving either operational stops or automatic image acquisition as seen on Figure 23, using triggering 

systems (to inform determine when to acquire the image), tracking systems (to inform where the material 

has come from) and algorithms to separate extraneous information from useful image data. With neither 

2D or 3D optical imagery not being viable, the practical solution was offered by 3D laser scanning 

techniques, which only very recently have begun being tested in underground mines (Campbell & 

Thurley, 2017), (Thurley, 2014) and (Thurley, 2011). 

 

Figure 23: Underground rock imaging of a loaded LHD in the transport unit operation (Maerz, Palangio, Palangio, 
& Elsey, 2007). 

Nevertheless, the industry seems to be evolving, from 3D data integration with previous software or with 

both new hardware and software to such extents as drone-integration and, perhaps less ambitiously, by 
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using stereo imagery. This kind of technology uses two or more 2D cameras whose superposition create 

pseudo 3D imagery, improving accuracy and foregoing the use of a scale element since it is possible to 

compute the distance from the camera to the observed object, as is displayed in Figure 24. 

 

Figure 24: Stereo Vision basics and the computation of distance based on known camera parameters (adapted 
from Boyd, 2016). 

The inclusion of this type of technology in rock particle size analysis is very recent (Degawa, et al., 

2016), being however already on the market on both conveyor (Figure 25, left) and mobile (Figure 25, 

right) varieties.  

 

Figure 25: Left, market-available conveyor stereo vision in the form of the FRAGTrackTM Conveyor Vision System 
(Orica, 2018); right, market-available mobile stereo vision in the form of the PortaMetrics™ (Motion Metrics, 

2018). 

Besides Orica’s conveyor application, a mounted version also exists, the Shovel Vision System. The 

application of stereo image technology to rock fragmentation analysis in the mobile variety is connected 

with the object of study of this work, the FRAGTrackTM Mobile. 
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3. The FRAGTrackTM Mobile 

This chapter has the goal of presenting Orica Limited, the company that developed the FRAGTrackTM 

Mobile, as well as presenting the protype itself, encompassing a display of its hardware, software and 

interface. 

3.1. Orica Limited 

Orica Limited is an Australian-based multinational corporation and the world’s largest provider of 

commercial explosives and blasting systems to the mining, quarrying, oil and gas and construction 

markets, as well as a supplier of sodium cyanide for gold extraction, and of support services in mining 

and tunnelling (Orica Limited, 2018). More specifically, the Portuguese branch is called Orica Mining 

Services Portugal, S.A., its office being based in Lisbon. 

More relevant to this work are the blasting mining services Orica develops and offers in the form of 

design, modelling, measurement and survey tools, as they are the context and source of the 

development of the FRAGTrackTM Mobile (Orica Limited, 2018). 

3.2. The FRAGTrackTM Mobile unit prototype 

The FRAGTrackTM Mobile is in many ways similar to the FRAGTrackTM of Figure 25. The FRAGTrackTM 

is an immobile binocular stereo 3D image capture system that automatically provides blast 

fragmentation data and, as such, is only available for mounting on a conveyor belt, generally after a 

primary crushing stage, dramatically reducing its usefulness in what concerns blast design optimization  

Given the main drawback of being restricted to conveyor application, the FRAGTrackTM Conveyor Vision 

System serves a much lesser purpose than any equipment that could be mounted on a loading or 

hauling equipment, such as Orica’s Shovel Vision System. However, this is technically very complex in 

both cases (Maerz, Palangio, Palangio, & Elsey, 2007), as stated before. For loading equipment, it may 

be expensive if multiple loading equipment exist, having to be mounted on each one. For hauling 

equipment, it requires a sharp distinction between equipment and rock, as well as a static image capture 

equipment, mounted perhaps near the primary crusher. Both cases require automated image trigger on 

appropriate timing when adequate conditions are met, which very often is difficult due to particle and 

vehicle movement. Mounting the imaging equipment on the crusher’s mouth also leads to enormous 

bias towards large sizes due to the size segregation error, with small particles disappearing as soon as 

they enter the crushers mouth. 

The solution came in the shape of a mobile equipment which, while sacrificing some automation and 

real-time process control, manages to reduce costs and somewhat ease technical difficulties. Based on 

what has been said on image analysis methods and its disadvantages (namely, the relative inaccuracy, 

the subjectivity inherent to user correction and the underlying manual correction time), the next step in 
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this kind of technology would come from an equipment that could reduce these downsides (National 

Research Council, 2002).  

The FRAGTrackTM Mobile unit, developed by Dr. Michael Noy and Eng. Aaron Wyatt of the Research 

and Innovation department at Orica Limited, is a new size distribution image analysis system which aims 

to solve these problems. Being a portable equipment, it encompasses three main elements which can 

be seen in Figure 26: 

• A small, battery-powered binocular stereo camera system; 

• A 3-meter, carbon fibre, extensible Nodal Ninja monopole to attach and hold the camera above 

the desired capture element; 

• A small, sturdy MESA2 Windows tablet lodging the FRAGTrackTM Mobile software. This software 

is employed to control the camera settings and therefore adjust the automatic image acquisition 

and is capable of automatic image processing and subsequent result display. 

 

 

Figure 26: Top, the three main elements of the FRAGTrackTM Mobile prototype equipment—the carbon monopole 
with the camera mount head, the MESA2 tablet with its cradle and attachment to the monopole and the 

FRAGTrackTM Mobile camera unit; bottom, the binocular FRAGTrackTM Mobile camera unit with its monopole 
attachment piece.   
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In terms of its interface, displayed in Figure 27, it is user friendly and easy to understand. 

                   

Figure 27: FRAGTrackTM Mobile software interface (Noy, 2017). 

The command chapter, visible in the upper part of the interface in Figure 27, encompasses the following 

basic operations: Start (used to begin gathering images according to the trigger conditions defined in 

the selected Profile), Stop/Transfer (used to finish gathering or sampling the images and to transfer 

them to the tablet for further analysis), Abort (to stop the process of collection or of image transfer) and 

Action (to process, reprocess or simply review images, to calibrate the system and to report results). 

In the “Image Area” of Figure 27 is displayed a “normal” greyscale image and 3D image as well as the 

current “View Angle”. The “View Angle” indicates the amount off the perpendicular to the measured 

surface (the integer indicates the angle in degrees) and its direction indicates the approximate direction 

of the vector perpendicular to the plane of the rill. Furthermore, the “Messages” area displays status 

information as it occurs such as capture date, as well as the physical width of the mapped image area. 

Finally, the “Status” bar displays various information and functionalities, as seen in Figure 28. 

      

Figure 28: FRAGTrackTM Mobile “Status” bar detail (Noy, 2017). 
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The most interesting aspect of Figure 28 is the automatic image acquisition profile: it will determine the 

capture frequency and the trigger conditions because it imposes a priori image quality conditions to an 

image sampling operation. An image acquisition profile is displayed in Figure 29. 

  

 

Figure 29: FRAGTrackTM automatic image acquisition profile (Noy, 2017). 

Pressing the “Action” button mentioned previously and displayed in Figure 27 takes the user to the 

processing menu, which can be seen in Figure 30. There, the user can process, reprocess or review 

images, calibrate the system and see a report of the selected images.  

 

Figure 30: FRAGTrackTM “Action” menu (Noy, 2017). 

The “Report” option takes the user to a new screen where is displayed the particle size distribution of 

the selected images or sets of images along with a GPS and time tag, while giving the user the option 

to save the displayed information in various file types into the designated software data folder or to a 

plugged USB stick. It should be noted that the CSV file type (Comma Separated Values) is a table 

structured format data folder (that can be opened in an appropriate software such as Microsoft Excel) 

with accurate blast information such as the percent passing each displayed size bin. The “Report” menu 

elements are displayed in Figure 31. 
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Figure 31: FRAGTrackTM “Report” option menu. 

Therefore, it is an equipment designed to automatically trigger image capture (be it on a muck pile rill, 

at a stockpile or at a crusher mouth) when predetermined conditions are met: lightning, motion, angle 

to muck pile, and sufficient 3D information. These predetermined conditions are associated with a user 

profile, meant to be changed as little as possible, granting credibility to the image acquisition. The 

processing itself only allows for a set of fixed size categories (these being initially fine, normal and 

coarse) which also grant credibility to the image processing. These specifications allow for a high degree 

of automatization and speed up the process of capturing and processing images in a relatively user-

independent fashion.  

However, the FRAGTrackTM™ Mobile unit is an extremely recent equipment, being a prototype in an 

Alpha stage of development with less than 10 units produced, one of which the main prototype. As a 

result, both the physical equipment and the accompanying software remained to be tested intensively 

and as whole in various authentic operational scenarios in real time, furthermore in a region with a 

relatively hot climate such as the interior of Portugal during its summer.  

It is essential to mention that the operating principles of the FRAGTrackTM Mobile unit were not fully 

disclosed: the author of this work does not know exactly the software’s inner details and what image 

analysis operations it uses. This factor has been one of the most important guidelines of this work and 

has conditioned not only the type of testing performed but also the straightforwardness of the results 

analysis. 
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4. Methodology 

The testing methodology of the FRAGTrackTM Mobile will be presented in this chapter. Seeing that the 

prototype unit was received fully packed and brand new, it required component assembly, software 

installation, calibration and adaptation to several new situations. 

It was previously mentioned that the prototype is in an alpha stage of development. This generally 

means that it is in the first phase of software development. Alpha software may be unstable, cause 

crashes or data loss, and most times does not contain all the features that are planned for the final 

version. In this stage, it is frequent to run tests that assess internal structures or workings (i.e. white-box 

testing) of a software, as opposed to its functionality (i.e. black-box testing), this last being more typical 

of a beta phase of software development (Khan, 2010 ). Beta testing is more focused on reducing 

impacts to users, which can come through crashes, errors, slow processing and insufficient functionality, 

often incorporating usability testing. 

It is important to classify and differentiate the type of testing that was performed using this prototype in 

this work: while the prototype is on the aforementioned alpha stage, the testing was performed with 

emphasis on user usability. Usability testing focuses on determining a product's ability to meet its 

planned purpose by testing it on users (Nielsen, 1993). This not only has the potential of correcting the 

above stated problems but also gives direct input on how actual users use the prototype.  

That said, the FRAGTrackTM Mobile unit testing was divided into three subchapters: 

1. To ascertain the basic functioning of the prototype and, if required, report whatever defects it may 

have with its developers until correct functioning was established. This chapter was designated 

as “basic functionalities testing” and focuses on the indispensable functions of the equipment, 

encompassing both the hardware and software components; 

2. To test its preciseness in one specific blast design optimization application. This chapter was 

designated as “Intraquarry” testing and focuses on the blast design optimization potential of the 

prototype as a function of its preciseness in one single quarry. For this purpose, the blast design 

options were predetermined to guarantee that a subtle improvement would occur; 

3. To test its correct functioning and usefulness in various operational scenarios. This chapter was 

designated as “interquarry” testing since this test phase focuses on the operational aspect of the 

equipment, being carried out in various quarries with different lithologies, light conditions, muck 

pile size and shape, as well as rock shape and size. 

It should be mentioned as a beforehand critic that the number of possible and feasible software tests is 

practically infinite, especially in such a case where there are several environmental factors weighting on 

the tested software. Testing cannot identify all the defects neither can it determine that a product 

performs aptly under all conditions. Testing can only ascertain that a prototype performs aptly under 

specific conditions, furnishing a criticism on the behaviour of the product against specifications, 
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expectations, analogous devices, past versions and other criteria. Additionally, testing is a highly 

iterative process: the correction of an error can cause other (deeper or consequent) errors to appear.  

4.1. Basic functionalities testing 

This subchapter focuses on the correct functioning of the prototype’s indispensable functions, 

encompassing both hardware and software functions, including:  

• Availability of all the components; 

• Mechanical coupling of the various pieces; 

• Battery;  

• Software installation; 

• Camera/tablet Wi-Fi connection bridge establishment; 

• GPS integration; 

• Camera display on screen; 

• Measured distance to the muck pile; 

• Automatic image acquisition profile; 

• Automatic image acquisition; 

• Image transfer from camera to tablet; 

• Image processing (of both individual images and image sets); 

• Result files creation and display; 

• Ventilation capacity and temperature adjustment capacity;  

• Accurate processing and analysis of images sampled from graded rock; 

• Etc. 

This testing took place at Orica Mining Services Portugal’s office and at the Cimpor Alhandra’s Bom 

Jesus limestone aggregate quarry. The “accurate processing and analysis of images sampled from 

graded rock” testing took place at Secil’s Pedreira do Calhariz aggregate quarry. All these quarries will 

be adequately described in the next chapter Case Study. 

This testing also allowed for the delineation of a sampling, imaging and processing methodology, used 

in the next two chapters, to ensure not only the safety of the operators but also to guarantee a 

representative, consistent, nonbiased and comparable sample of images for each blast. An automatic 

image acquisition profile was also delineated, with the focus of keeping most settings on an automatic 

setting. These are two interesting aspects of this work, since the methodologies of testing and the 

imaging profiles are in themselves a result of the testing performed and could be displayed in the results 

chapter of this work. The key aspect of the image acquisition are as follows:  
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• Sampling was almost always done in the laterally exposed portions of the muck piles, the active 

rill, as seen in Figure 32. This guarantees that the sample material is more representative of the 

overall particle distribution, diminishing the effect of errors such as the size segregation error 

(since both coarse and fine particles are shown) and the overlapped particle error (there is less 

visualization of depth since most lateral muck piles are filled with material, with few voids). While 

the outside surface of a muck pile before digging should not be used independently to represent 

the material within the pile, it may be interesting by itself as it generally is quite different from the 

material within the pile that is exposed only after digging. The outside of the muck pile can be 

useful for instance for large boulders quantification. However, this type of images should only be 

compared to those of similar sets of data as to avoid loss of control of presentation bias; 

 

Figure 32: Image sampling, here at the Portela nº7 quarry, was performed in the active rill, indicated by the green 
arrow, the section of the muck pile that is being dug (as evidenced by the excavator’s tire tracks along the blue 

arrow) as opposed to the non-active rill, indicated by the orange arrow. 

• Imaging is done by walking or standing on top of a vehicle (Figure 33) along the front of the 

exposed rill surface and using the supplied monopole to elevate the FRAGTrackTM camera unit 

so that it is positioned perpendicularly to the rill surface when the monopole is upright. This usually 

involves tilting the camera unit on the mount head up to 45° downwards from horizontal; 

  

Figure 33: Left, image sampling on foot; right, image sampling on top of a vehicle at the Bom Jesus quarry. 
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• Ideally, one should attempt to capture images over the entire exposed surface of the pile. As this 

was frequently impossible due to the small size of most of the muck piles (eventually showing 

either the sky, the floor or the bench if the operator moves too far away from the pile, which in 

turn causes the equipment not to trigger its automatic image acquisition), the imaging of one 

continuous chapter of the pile with minimal overlap was attempted so that the results are not 

biased by omission or by repetition; 

• As much as it would be ideal to image the pile in a continuous chapter, this generally is not fully 

possible because of the scale of the fragments. The largest scale images must show the overall 

size range present, including the patches of fines that are visible and not just the largest boulders; 

otherwise, the results from the analysis may be biased towards the coarse fraction. This means 

that it is necessary to get close enough so that the fine fragments are distinguishable in the image. 

This might mean taking images of different scales to obtain a representative sample of the 

material; 

• Lighting is also an important factor: most images were sampled at noon, while the sun is at its 

zenith, to guarantee that shadows and direct sunlight interfere as little as possible. Images with 

uneven light, for instance with bright sunlight on one portion with a shadow cast across it as seen 

in Figure 34 (left and, to a lesser degree, centre) will not delineate properly and may require 

additional heavy manual editing as shadows mask particle edges. Ideally, sampling should be 

done on overcast days as these provide more consistent lighting due to fewer shadows (Figure 

34, right). Sampling at noon also guarantees that workers are in their lunch break, which means 

that operations are at a halt, which in turn increases the safety of the camera operators; 

   

Figure 34: Influence of weather and time of day on lighting. (Split-Desktop, 2018). 

It can be seen from the general guidelines stated above that image sampling and acquisition is not a 

linear process, almost requiring an “ethical” sampling of the rock pile, in the sense that the user must 

follow strict guidelines without intentionally or accidentally introducing bias. 

This concern is somewhat simplified by the automatic image acquisition profile used (as displayed in 

Figure 29), which was maintained on automatic settings as much as possible. The only difference to the 

parameters displayed in Figure 29 are the minimum capture interval (which only defines the minimum 

time between images and was increased from 6 to 20 seconds to allow for comfortable repositioning of 

the camera) and the maximum percentage of allowable area without 3D information (which was 
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increased from 15% to 20%, which dramatically reduced the capture time at the cost of some image 

quality). 

The image processing of the sampled images was much simpler than the sampling phase, as it is without 

a doubt one of the advantages this prototype offers. The prototype offers the possibility of processing 

each image individually according to processing “bins”, from “very fine” to “oversized” fragments. These 

guide the edge detection delineation software according to the expected particle distribution of the 

fragments in the image (or intended selected set of images). While it is hard to guarantee that all 

fragments in an image are of the same size and consequently that these bins are optimal, they provide 

some amount of compromise in the processing and analysis. That said, to ensure maximum particle 

delineation, each image was first processed individually with every processing “bin” (with the 

segmentation being reversible) and, after the appropriate “bin” was chosen, the image was reprocessed 

with that “bin”. After every image had been processed, the blast average distribution curve was plotted. 

4.2. Intraquarry testing 

This subchapter focuses on the accurate and precise functioning of the equipment. For this purpose, 

the prototype was used in a blast design optimization application in which the blast design options were 

predetermined to guarantee that a subtle but noticeable fragmentation improvement would occur. The 

blast optimization process was called the “Cheap Rock” project. As the influence of in situ parameters 

on fragmentation analysis is significant, this analysis was performed in a single location: the first, second 

and third benches of the Casal Novo bench of the Cimpor Alhandra Bom Jesus limestone aggregate 

quarry. This location was chosen mainly for its convenience and proximity to Lisbon. 

As will be detailed in the next chapter “Case Study”, the Cimpor Alhandra limestone aggregate quarry 

has a hard, flat limestone layer as pit floor, the other geological layers being significantly softer. This 

results in large blocks, bigger than the quarry crusher’s capability. In this context, the “Cheap Rock” 

project has for objective to optimize the blasting operation by reducing the amount of boulders (or at 

least their size) in the current inefficient blasting design, hereafter designated as the reference situation. 

The “Cheap Rock” process proposes two alternative solutions by varying the following blasting 

parameters while maintaining the core blasting design:  

• Increasing the explosive charge height; 

• Introducing a Pocket Charge in the stemming material. 

Blasts from these two scenarios were charged and fired, imaged and processed. Logically, the reference 

situation and the resulting fragmentation were studied as well. All this was done accordingly to the 

methodology described in the previous subchapter, not focusing on the sampling and imaging of any 

type of fragments (it is important to sample and measure the effects of the blast design optimization 

process in the whole distribution range as the reduction of one section of the distribution implies the 

augment of another), while also making sure that the boulders were correctly accounted for. Special 
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attention in the processing phase was given to the correct delineation of boulders without affecting the 

fine portion of rock fragments. 

After every image had been processed, the average distribution curve is plotted. The average results 

were compared with the presented empirical methods of predicting fragmentation, namely the Modified 

Kuz-Ram model and the KCO model. Even though the KCO model is by far more accurate (especially 

in the fines range), comparison with the Kuz-Ram model can be seen as useful not only because it is 

well-established but also because Kuz-Ram model generally predicts coarser blocks whereas the 

imposition of a maximum block size in the KCO model can sometimes cause error in coarse range 

prediction. 

Some early suppositions have been made: for example, as the Kuz-Ram model does not predict a 

maximum size particle, it considers that impossibly large blocks might exist and, as such, the maximum 

particle size was arbitrarily defined for this model as 99,5% in area passing.  

For each blast, both empirical models were compared to the FRAGTrackTM results through statistical 

means (Statistics: How To, 2016), namely through the following parameters: error from each empirical 

model to FRAGTrackTM data (Equation 17), absolute error (Equation 18), squared error (Equation 18), 

absolute error divided by actual values (Equation 20), mean absolute deviation (MAD, Equation 21), 

mean squared error (MSE, Equation 22), root mean squared error (RMSE, Equation 23), mean absolute 

percentage error (MAPE, Equation 24), weighted average (Equation 25), as well as quartile distribution 

(corresponding to 𝑑25, the median 𝑑50, 𝑑75) and 𝑑80, from which the Interquartile Range (IQR, Equation 

26) can be obtained. While most of these errors are more appropriate for non-cumulative curve-data 

point comparison, they retain some usefulness for identifying the deviation from the average-obtained 

curves of each empirical model to the observed FRAGTrackTM data. 

𝐸𝑟𝑟𝑜𝑟𝑖 = 𝑥𝑖,𝑚𝑜𝑑𝑒𝑙 − 𝑥𝑖,𝐹𝑟𝑎𝑔𝑇𝑟𝑎𝑐𝑘  (17) 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟𝑖 = |𝐸𝑟𝑟𝑜𝑟|𝑖 (18) 

𝑆𝑞𝑢𝑎𝑟𝑒𝑑 𝐸𝑟𝑟𝑜𝑟𝑖 = 𝐸𝑟𝑟𝑜𝑟𝑖
2 (19) 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 𝐷𝑖𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 =
|𝐸𝑟𝑟𝑜𝑟|𝑖

𝑥𝑖

 (20) 

𝑀𝑒𝑎𝑛 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑀𝐴𝐷 =
1

𝑛
∑ |𝐸𝑟𝑟𝑜𝑟|𝑖

𝑛

𝑥𝑖=1

 (21) 

𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑑 𝐸𝑟𝑟𝑜𝑟 = 𝑀𝑆𝐸 =
1

𝑛
∑ 𝐸𝑟𝑟𝑜𝑟𝑖

2

𝑛

𝑥𝑖=1

 (22) 
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𝑅𝑜𝑜𝑡 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝐸𝑟𝑟𝑜𝑟 = 𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ 𝐸𝑟𝑟𝑜𝑟𝑖

2

𝑛

𝑥𝑖=1

 (23) 

𝑀𝑒𝑎𝑛 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 = 𝑀𝐴𝑃𝐸 = 100 ×
1

𝑛
∑

|𝐸𝑟𝑟𝑜𝑟|𝑖

𝑥𝑖

𝑛

𝑥𝑖=1

 (24) 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =  ∑ 𝑥𝑖 × 𝑝(𝑥𝑖)

𝑛

𝑥𝑖=1

 (25) 

𝐼𝑛𝑡𝑒𝑟𝑞𝑢𝑎𝑟𝑡𝑖𝑙𝑒 𝑅𝑎𝑛𝑔𝑒 = 𝐼𝑄𝑅 = 𝑑75 − 𝑑25 (26) 

The mean squared error or mean squared deviation (MSE or MSD) of an estimator measures the 

average of the squares of the errors. The MSE is a measure of the quality of an estimator (in this case, 

the Kuz-Ram and KCO models): values closer to zero are better (being always non-negative), 

incorporating both the variance and the bias of the estimator. Similarly to the variance, the mean squared 

error has the disadvantage of heavily weighting outliers (Statistics: How To, 2016). 

The root mean squared error or root mean squared deviation (RMSE or RMSD) represents the square 

root of the average of the squared differences between predicted values and observed values, also 

known as residuals when the calculations are performed over the data sample that was used for 

estimation, which is the case. The RMSE is a measure of the differences between the values predicted 

by the model and the values observed, therefore being a measure of accuracy of the estimator 

(Statistics: How To, 2016). By definition, it is non-negative. A lower RMSE is generally “better” than a 

higher one. As the effect of each error on RMSE is proportional to the size of the squared error, larger 

errors have a relatively larger weight on the RMSE. Therefore, the RMSE is sensitive to outliers. 

Lastly, and most commonly used (Statistics: How To, 2016), is the mean absolute percentage error 

(MAPE), which is fundamentally more comprehensible than the RMSE and more useful since the error 

is given as a direct proportion to the absolute sample values. While it has drawbacks, these are not 

relevant to the scope of this work: for example, it cannot be used if there are values equal to zero in the 

data sample, which do not exist here, and puts more emphasis on negative errors, which will be seen 

as being very rare since the observed data is almost always superior to the estimated data. 

The weighted average (more correctly, the weighted arithmetic mean) is similar to the arithmetic mean, 

except that each data point contributes a specified weight to the average instead of each of the data 

points contributing equally to the final average (Statistics: How To, 2016). 

The Interquartile Range (IQR) is simply a measure of statistical dispersion, otherwise it can be used to 

identify outliers (Statistics: How To, 2016). 

https://en.wikipedia.org/wiki/Statistical_dispersion
https://en.wikipedia.org/wiki/Outlier
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After the above quantities were computed, the general Kuz-Ram, KCO and FRAGTrackTM distributions 

along with their central tendency parameters were determined. For the sake of comparison, the 

predicted average reference situation, as well as the High Column and Pocket Charge situations, were 

determined and compared with the average measured FRAGTrackTM data. 

Image analysis was not possible in this type of testing since no adequate photographic images were 

taken at the time of testing. 

4.3. Interquarry testing 

This subchapter focuses on the correct functioning and usefulness in various operational scenarios. For 

this purpose, the equipment was subjected to the widest possible variation of possible locations and 

corresponding lithologies, rock shape, rock texture and colour, weather and time of day (and thus 

lighting), temperature, muck pile size and shape, etc. This implies that the present chapter focuses on 

bringing the FRAGTrackTM™ Mobile to as many different quarries as possible; therefore, being an 

“interquarry” testing. The visited quarries are presented in the next chapter. 

The sampling of images was done according to the general guidelines mentioned in the first subchapter, 

“Basic functionalities testing”, this time with no emphasis on any kind of particle size. Similarly, the 

average distribution curve was plotted and the results were compared with the modified Kuz-Ram model 

and the KCO model along with the errors and the central tendency measures mentioned in the last 

subchapter. 
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5. Case study 

The quarries that were visited for this work as well as the “Cheap Rock” project are presented in this 

chapter. This is important because the geomechanical properties of each quarry are necessary factors 

for the Kuz-Ram and the KCO. While a full description of each quarry would be informative, only a small 

amount of qualitative data is actually necessary for these models. 

5.1. Pedreira do Bom Jesus quarry and the “Cheap Rock” project 

The Pedreira do Bom Jesus Quarry is located near Alverca do Ribatejo in the, municipality of Vila Franca 

de Xira of the Lisbon District, being exploited by the Cimpor Alhandra operational centre of Cimpor - 

Cimentos de Portugal SGPS, S.A. This zone is geologically characterized by successions of horizontal, 

hard limestone layers alternating with comparatively soft marlstone layers (Figure 35, top), from which 

result an average greyish, beigish-white colour. The quarry has several bench levels but testing was 

done only on the first, second and third benches of the quarry, all of which are similar. As can be seen 

in Figure 35 (bottom), the zone is heavily fractured, with three orthogonal families of fractures, the most 

relevant of which is vertically perpendicular to the bench face. 

 

 

Figure 35: Top, general view of the Bom Jesus quarry’s second bench from the first bench; bottom, downward 
view of the same bench. 
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In all three benches, the hard, flat limestone bench is used as floor. The other geological layers are 

significantly softer. While this is a good choice as far as loading and hauling wear and equipment fuel 

consumption reduction are concerned, it presents an operational problem for the blasting operation: the 

thickness of the hardest lithology layer coincides with the stemming height, which is precisely the portion 

of the rock that needs the most explosive energy. Because of this, and with the influence of joints and 

of previous fragmentation, the energy resulting from the detonation of the explosive charges is 

inefficiently used. 

Consequently, not only the top limestone bench is only slightly fractured but it is also only vaguely 

heaved, from which frequently result large blocks with sizes ranging from 1m3 (1m x 1m x 1m) to 3 m3 

(1m x 1m x 3m). Considering that the crusher’s mouth has 1 m, these blocks have to be fragmented by 

a hydraulic crusher (with the implied additional costs). Therefore, and as mentioned before in subchapter 

“2.4. Economical relevance of mining unit operations”, the inefficiency of the blasting operation affects 

all downstream operations. 

In this context, the “Cheap Rock” project has for objective the optimization of the blasting operation, 

reducing the amount of boulders (or at least their size) in the reference blasting design. The reference 

situation is fairly regular, with small single-row blasts of 10 holes with 4 m of Spacing and 3,5 m of 

Burden, with a hole inclination of 15º. Stemming height is between 3 to 3,5 m, although the holes are 

stemmed with drilling cuttings (usually very fine dust) up to the collar, regularly increasing the intended 

stemming height and compensating for the poor quality of the stemming material. However, better 

quality stemming was used during testing in the form of limestone gravel. Subdrilling is generally 1 m. 

The bottom charge consists of a Magnafrac cartridge and the column charge of several Powerpac 

cartridges, both emulsion explosives, initiated with electric detonators. 

The “Cheap Rock” process proposes two alternative solutions: 

• High explosive column: increase of the explosive charge length through the shortening of the 

stemming height, with the objective of bringing the explosive charge closer to the top of the hole 

(therefore closer to the problematic layer) and ultimately increasing the weight of explosives per 

hole. In this case, the initiation is provided by electric detonators. Given the greater amount of 

explosives, the stemming material consisted of limestone gravel; 

• Pocket Charge: Application of a pocket charge in the stemming material, ideally in contact with 

the problematic layer, at approximately one meter of depth. Given that the pocket charge is 

initiated independently of the rest of the explosive column it requires an additional detonator per 

hole, being non-electric detonators. While the replacement of detonators electric detonators by 

non-electric could influence fragmentation by itself through better timing precision, this effect was 

not considered because the blasts are considerably small. 

What has been described above, both in terms of the reference situation and the “Cheap Rock” 

scenarios, are the theoretical blast designs parameters. The true parameters will be described in Annex 

C.  
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5.2. Pedreira Do Calhariz quarry 

The Pedreira do Calhariz quarry is located near Sesimbra, municipality of Sesimbra of the Setúbal 

District, being exploited by SECIL - Britas, S.A. The testing done in this quarry was not related to the 

blasting operations (since at the time of visit there were no adequate blasts) but could be used for the 

“accurate processing and analysis of images sampled from graded rock” objective, since this quarry 

sells graded rock. Because of this, the lithology itself is almost irrelevant, apart from the rock colour, 

which is relevant for the image analysis—the fragment colour is heterogeneous, ranging from light white 

to dark grey. 

5.3. Pedreira Do Calcário quarry 

The Pedreira Do Calcário quarry is located near Alenquer, municipality of Alenquer of the Lisbon District, 

being exploited by Calbrita – Sociedade De Britas, S. A. The tested zone is geologically characterized 

by homogeneous, brittle and friable limestone layers, from which result a notable white colour with traces 

of beige. As can be seen in Figure 36, the zone is very slightly fractured. 

 

 

Figure 36: Top, general view of the Pedreira Do Calcário quarry and of the tested muck pile (orange arrow); 
bottom, the tested bench. 
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5.4. Pedreira do Sicó quarry 

The Pedreira do Sicó quarry is located near Pombal, municipality of Pombal of the Leiria District, being 

exploited by Sicobrita – Extração e Britagem de Pedra, S.A. The lithology of this quarry is diverse, being 

characterized by successions of red, altered (and therefore slightly brittle) limestone layers alternating 

with darker marl layers, from which result a mixture of colours in each blast. As can be seen in Figure 

37, the zone is severely fractured and altered. 

 

 

Figure 37: Top, general view of the Pedreira do Sicó quarry and of the tested muck pile (green arrow); bottom, 
tested layered limestone bench. 
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5.5. Portela nº7 quarry 

The Portela nº7 quarry is located near Fátima, municipality of Ourém of the Santarém District, being 

exploited by Lena Engenharia e Construções, S.A. In this quarry, two sample sets from different 

lithologies were collected: while both display essentially limestone characteristics, they have some 

notable differences, especially in colour. The highest one (Figure 38, top) is for the better part hard but 

fractured limestone, permeated by occasional clay intrusions, all with a clear terra rossa coverage from 

which result a mixture of crimson red and greyish white colours. The lowest bench (Figure 38, bottom) 

consists of a brittle and regularly fractured but soft limestone layers, from which result a distinct greyish 

white colour.  

 

 

Figure 38: The Portela nº7 quarry. Top, view of the upper clay-rich bench and of the tested muck pile; bottom, 
view of the lower hard limestone bench and of the tested muck pile. 
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6. Results and discussion 

In this chapter are presented the various results of the three phases of testing (namely the basic 

functionalities, intraquarry and interquarry testing) accordingly divided into three separate subchapters. 

Before presenting the results of each testing phase, it must be repeated that the author of this work does 

not know exactly upon which algorithms the software works, what image analysis operations it uses 

and, more generally, how to best use it. This has guided the type of testing, focused on usability, as well 

as explaining the straightforwardness of the result analysis. 

6.1. Basic functionalities testing results 

This subchapter follows the development of the prototype from the moment it arrived inoperative to 

Portugal, all through its preparation and installation for correct functioning and, to some extent, to its 

accuracy testing. Appropriately to the prototype’s alpha testing phase, this process was turbulent and 

guided remotely by the equipment developer, Dr. Michael Noy. 

The equipment arrived fully packed in mid-July of 2017 to Portugal in an immaculate state which at the 

very least certified the functionality of the protective case (Figure 39). At first glance, all physical 

components described in subchapter 3.2., ranging from mechanical parts to the supplied tablet 

computer, were accounted for and proved fully functional in physical terms. 

 

Figure 39: The FRAGTrackTM Mobile prototype in its protective case. 
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6.1.1. Software implementation 

Software installation begun with the Microsoft Windows Operating system installation—since the 

MESA2 Windows tablet was new—which caused no problems.  

The installation of the FRAGTrackTM Mobile software was done through the supplied USB stick and with 

an executable installation application. After this, the software was opened, to be revealed that all its 

interface components were disproportionate, removing any possible usability. This was resolved at the 

Windows User Interface level by guaranteeing that the tablet was not in “Tablet mode” (easily accessible 

in the Windows 10 Sidebar by swiping left) and by setting the “Scale and layout” parameter to 100% 

(easily accessible in “Display Settings” by right-clicking or long-pressing the desktop space), as seen in 

Figure 40. It should be noted that this is a reoccurring issue and still must be done occasionally when 

the software is booted (the settings seem to be reverted after shutting down the tablet). 

       

Figure 40: Temporary routine fix for FRAGTrackTM interface disproportion. 

The only option during the installation is to create an additional desktop icon for a Wi-Fi hotspot. The 

camera system communicates via this Wi-Fi hotspot and although it is automatically created when the 

main software is running, this icon can be used to start the hotspot at other times. The Wi-Fi hotspot 

connection installation and correct functioning proved to be the first difficult problem, as there was no 

connection between tablet and camera, with several possible causes; this problem was shared with Mr. 

Jari Näsi (Technical Services Lead at Orica Finland), who at the time was also testing the equipment. 

The obvious reason would be a difference in operating language: the FRAGTrackTM™ Mobile software 

required that the predefined operating system language was the English one. As the installation was 

performed in this language, this option was ruled out. 

Assuming that the Wi-Fi hotspot script and coding were correct on both the camera and tablet side, it 

was presumed that the problem lied with the difference in expected IP address of both components. 

This could also be fixed through Windows 10 user interface, under “Settings”, "Change adapter options", 

right-clicking the network adaptor that has hhvs as its SSID or Wi-Fi broadcast name, also identified as 

a Microsoft Hosted Network Virtual, selecting “Properties” and only selecting the following in the checked 

menu items seen in Figure 41. All other check boxes should be without a tick. Then, under “Internet 
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Protocol Version 4 (TCP/IPv4)” and “Properties”, the option "Use the following IP address:" has to be 

selected with the configuration seen in Figure 41. 

    

Figure 41: Wi-Fi bridge establishment fix, which then led to a fully-fledged software patch. 

After this process, and after relaunching  the FRAGTrackTM Mobile application through its desktop icon 

and turning on the FRAGTrackTM Mobile camera unit, connection should had been established, which 

did not happen. This meant that the error had to be on the FRAGTrackTM Mobile camera unit software 

side, which had to be fixed via a software patch, resolving the connectivity issue and ensuring successful 

camera-acquired image display on the tablet. 
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6.1.2. Early image acquisition and processing testing results 

Once image display was achieved, the prototype was taken to the Cimpor Alhandra’s Pedreira do Bom 

Jesus Quarry for image testing. Soon after, it was obvious that the contrast on recorded images was set 

too high, as seen in Figure 42 where the greyscale histogram of pixel values peaks at very early levels. 

This proved to be the second major software problem since it prevented any type of reliable image 

acquisition. Additionally, it required two software patches to fix as the error had two sources. First, 

automatic time zone luminosity correction altered the camera automatic shutter parameters as the 

equipment was developed in Australia and expected the corresponding time zone with its 9 hours 

difference to Portugal, meaning that it expected night-time luminosity.  

     

Figure 42: Very high image contrast as evidenced by the redly delineated spike in the greyscale histogram. 

Secondly, the fixing software patch shed light into a new software bug in which the automatic image 

capture profile settings (seen in Figure 29 of subchapter 3.2) were not transmitted to the camera. This 

issue was solved with another software patch. 

After this, automatic image capture testing begun, along with other secondary testing aspects proposed 

in subchapter 4.1, results of which are visible in Table 4. 

An additional aspect of usability testing deserves to be mentioned: the equipment was designed to be 

used by a single user, as the monopole has a dock support for the tablet, but this is not only risky for 

the overall stability of the equipment but is also physically draining for any normal person. As such, the 

equipment is more suited to be used simultaneously by two people, one holding the monopole and the 

other holding the tablet.  
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Table 4: Result of various basic functionalities testing. 

Battery 

The battery allows for comfortable testing over long periods of time, provided it was charged 

the night before. It follows the required specifications regarding charging LED colour pattern 

(e.g., solid green while fully charged, solid orange when in constant current, etc.). 

GPS 

integration 

Fully functional and precise in both decimal position components, two examples of which can 

be seen in Annex A. 

Camera 

image display 

on screen 

Fully functional, camera images are displayed almost in real time with an acceptable refresh 

rate, allowing for proper control of automatic image acquisition. 

Measured 

distance to 

the muck pile 

Fully functional and accurate when compared with a measuring tape. 

Ventilation 

capacity and 

temperature 

adjustment 

capacity 

The operating temperature range of the equipment is limited but the developers specified that 

this is something that will be improved. The system shuts down when the camera 

temperatures exceed a specified temperature. As this equipment was tested in the 

Portuguese summer, the equipment was often exposed to long periods of high (>30ºC) 

temperatures in which the equipment shut down after 15 to 20 minutes and in less than 10 

minutes when temperatures exceeded 40ºC, which dramatically diminished its usability. 

Automatic 

image 

acquisition 

profile 

Apparently functional after the last-mentioned software patch as all parameters seemed to 

function appropriately. Using a maximum view angle to the capture surface of 25º instead of 

the recommended 20º is a massive operational improvement since it allows image capture in 

a much more expedient manner. In many cases it was impossible to bring the view angle 

below 25º, no matter the distance, height or angle of the camera. 

Automatic 

image 

acquisition 

Fully functional, images are automatically acquired as soon as the specified conditions are 

met at the selected time intervals. 

Image 

transfer from 

camera to 

tablet 

Once a data set is captured, images are transferred to the tablet when prompted, after which 

a completion message is shown. However, image files frequently are not transferred on the 

first attempt, requiring a second and effective file transfer. 

Image 

processing 

Image processing of individual images, images from the same set and different sets of 

images seems functional (Annex B), with appropriate segmentation of rock according to the 

existing processing options. However, as these options seemed insufficient when analysing 

excessively large blocks, two additional options, “very large” and “oversize”, were added. 

Otherwise, the resulting size distributions seemed to reflect the observed rock fragments. 

Result files 

creation and 

display 

After image processing, result files are appropriately created in the selected file type options, 

all with correct name, GPS identification, sample size and hour. 
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6.1.3. Accurate processing of graded material 

In this subchapter, image samples from graded crushed rock were gathered. With this test, it was 

intended to test the variance of material that, within expectable bounds, does not differ much from a 

fixed size range. That said, three different materials were sampled and these can be seen in Figure 43. 

   

 

Figure 43: Sampled graded rock sizes. Right, “Brita 2”, ranging from 31 to 50 mm; left, “Castina”, ranging from 50 
to 80 mm; and bottom, “Gabião”, ranging from 90 to 250 mm. 

Table 5 and Figure 44 present the FRAGTrackTM measured size fragment distributions for all three types 

of sampled graded rock based on multiple images, averaged from multiple angles as to eliminate bias, 

from each corresponding pile of rock size type.  

Table 5: FRAGTrackTM measured size fragment size bins for all three types of graded rock. 

“Brita 2” (3,1 - 5 cm) “Castina” (5 - 8 cm) “Gabião” (9 - 25 cm) 

Size (cm) % Passing Size (cm) % Passing Size (cm) % Passing 

0 0 0 0 0 0 

2 20,57 2 4,2 2,5 3,61 

4 76,37 4 20,1 5 7,45 

6 97,43 6 55,13 7,5 15,71 

8 99,25 8 78,74 10 26,96 

10 100 10 90,23 12,5 46,59 

  12 94,2 15 64,31 

  16 95,26 20 89 

  22 95,44 27,5 97,52 

  40 100 37,5 100 

10 samples 9 samples 9 samples 
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Figure 44: FRAGTrackTM measured size fragment distributions for all three types of graded rock. 

From the values of Table 5, the lower and higher limits of the graded rock size intervals were linearly 

interpolated and the difference between these limits was obtained to determine the percentage of rock 

between them. Therefore, for the “Brita 2” rock, graded between 3,1 cm and 5 cm, we have: 

𝑃(3,1) =  48,47%  and  𝑃(5) =  86,90% 

𝑃(5) − 𝑃(3,1) =  38,43% 

For the “Castina” rock, graded between 5 cm and 8 cm, we have: 

𝑃(5) =  37,62%  and  𝑃(8) =  78,74% 

𝑃(8) − 𝑃(5) =  41,13% 

For the “Gabião” rock, graded between 9 cm and 25 cm, we have: 

𝑃(9) =  22,46%  and  𝑃(25) =  94,68% 

𝑃(25) − 𝑃(9) =  72,22% 

As can be seen from these numbers, the accuracy of the equipment seems to dramatically increase 

from the smaller rock fragment size intervals to the bigger fragment sizes, being relatively accurate for 

the “Gabião” rock size. The most logical reason for this might be due to the aforementioned sub-

resolution particle error, concerning the inability of an imaging system to see fine particles below the 

resolution of the sensor and grouping sub-resolution particles into larger regions, erroneously classifying 

them as larger single particles. This, in turn, determines the lower limit of particle size that can be reliably 

detected, and the resolution of size classes detectable. Another factor that might have an impact on this 
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analysis is the spread of each interval: the smaller graded rock intervals are very narrow, ranging from 

2 to 3 cm between lower and upper bounds, while the “Gabião” rock has a spread of 16 cm which 

corresponds to several minimum equipment image bins, which in turn diminishes the measuring error. 

It can be noted that while the lower bound of each rock class (respectively 3, 5 and 9 cm) has values 

likely too elevated to be considered precise, the upper bound (respectively 5, 8 and 25 cm) is precise, 

encompassing a large majority of the measured size rock, especially in the “Brita 2” and “Gabião” rock 

sizes. However, the maximum measured fragment size of each category (respectively 10, 40 and 37,5 

cm) is impossibly large, which suggests that some amount of smaller particles are being grouped in the 

processing phase into larger clusters. 

6.2. Intraquarry testing results 

This subchapter displays the results of the Intraquarry testing phase at Cimpor Alhandra Pedreira do 

Bom Jesus’ Quarry, where the FRAGTrackTM measurements are compared with the Modified Kuz-Ram 

and KCO empirical fragmentation models. The data used for these models can be consulted in Table 

25 of Annex C and were subject to some suppositions such as: 

• The values used for the necessary parameters of both models (such as bench height, stemming 

length, charge length, Spacing and Burden) for each blast were the average measured 

parameters in that blast; 

• Drilling deviation was averaged according to the values given by Jimeno, Jimeno, & Bermúdez 

(2017). This source gives expectable values of hole deviation in intervals of 10 meters of hole 

depth and their horizontal deviatory measure (in meters); 

• Blasted rock volume was geometrically calculated by the bench height, Burden and Spacing, 

multiplied by the number of holes; 

• Some of necessary geomechanical aspects, seen in Figure 18: Rock factor parameters and rates 

necessary for rock factor (A) estimation (Gheibie, Aghababaei, Hoseinie, & Pourrahimian, 2009), 

such as unconfined compressive strength and Young Modulus at this location were estimated by 

(Oliveira, 2014) and even these were averaged. Others, such as the Joint Plane Angle (JPA), had 

to be inferred; 

• One of the key aspects of the KCO analysis, the maximum expected block size 𝑥max, 

corresponding to the minimum of three components (Spacing, Burden or in situ block size) was 

determined to be 2 m, the average vertical fracture spacing. 

All these factors are obvious sources of methodological error but, as they are mostly constant, this error 

can be discarded.  

As such, the Kuz-Ram and KCO models were plotted (in intervals of 5 cm, the selected FRAGTrackTM 

bin size) for each blast based on the average measured blasting parameters of the said blast and 

compared with the captured FRAGTrackTM data. An example of this process and of the reference 
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situation characterization can be seen on Figure 45; there is displayed the existence of blocks near 1 

meter wide on the FRAGTrackTM curve at the 95 cm particle size range. 

 

Figure 45: Exemplary size distribution curve from a reference blast in Bench Level 1. 

Then, the error for each size bin was computed, the average errors for this blast being displayed on 

Table 6 and the central tendency parameters being displayed in Table 7. 

Table 6: Average error types for the reference blast of August 16 in Bench Level 1. 

Mean Absolute 
Deviation (MAD, cm) 

Mean Square Error 
(MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute Percentage 
Error (MAPE, %) 

13,78 400,7 20,02 30,65 

 

Table 7: Central tendency parameters for the reference blast of August 16 in Bench Level 1. 

Weighted 
Average (cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

57 17,8 40,5 77,7 89,4 59,9 

While it is interesting to look at individual blasts to identify the main operational problem and how the 

designed solutions can solve it, it is necessary to separate outliers from the average results by looking 

at the general situations measured with the FRAGTrackTM prototype, as seen in Figure 46. 
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Figure 46: Average FRAGTrackTM distribution curve for each blast design scenario. 

In Figure 46, the reference situation does indeed display the occurrence of the problematic blocks over 

one meter, as shown by the increase in the 140 cm size range. These average situations were obtained 

from 13 blasts (4 reference blasts, 4 blasts with higher explosive column and 5 blasts with a pocket 

charge), a number of blasts that is almost certainly not fully statistically representative (while also 

explaining the sharpness of the FRAGTrackTM curves from size bin to size bin). These blasts were 

spread over the 3 benches as to diminish the influence of bench height and the influence of local 

geological factors, except for the high column situation which required a higher bench height to allow 

for the explosive charge height increase and, therefore, could only be performed in the second bench 

since it is the tallest bench. 

It seems obvious from the difference between the reference curve and the high explosive column that 

this last situation has improved considerably the observed fragmentation as well as apparently almost 

ending the existence of the referred boulders. While the pocket charge situation also seems to have 

strongly decreased their presence, its curve presents nearly the same observed fragmentation as the 

reference situation, being slightly coarser in the 15 to 35 cm size range. Moreover, the decrease of 

boulders was confirmed through rigorous visual observation (see Figure 47). 
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Figure 47: Example of a high column blast scenario result in which no large blocks of over 1 meter are visible.  

The central tendency parameters of the above curves can be seen in Table 8. There, it can be confirmed 

that the weighted averages and the initial curve progression of the reference and high column situations 

are very similar, only showing difference after the 3rd quartile where the reference situation is very similar 

now to the pocket charge situation. The high column situation also displays less data spread, as seen 

in its interquartile range, the lowest of the three, while the other two situations show almost the same 

amount of spread. 

Table 8: Central tendency parameters for the average FRAGTrackTM distribution curve for each blast design 
scenario. 

 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Pocket 
Charge 

33,12  9,46 18,18 32,88 39,65 23,42 

Reference 26,08  8,95 16,78 32,51 40,65 23,56 

High 
Column 

26,45 8,71 16,06 28,32 33,64 19,60 

As such, disregarding the economical considerations of which blasting solution is cheaper, the solution 

that offers the best fragmentation scenario for the Cimpor Alhandra’s operational problem appears to 

be the option using the high explosive column. Additionally, with this solution, this quarry could even 

perhaps widen the blast design parameters to compensate for the blasting cost increase and for better 

use of the explosive’s energy distribution (while also foregoing the use of second detonator for each 

hole). 

Even though the results presented above are interesting from an operational standpoint and are a 

demonstration of the equipment’s accuracy, they do not reflect the reality of the equipment’s results, 

which are better compared to both mentioned empirical models. The average results of both models 

obtained from the tested blasts can be seen in Table 9. There, the KCO model predicts generally a 

smaller x50 than the Kuz-Ram model (which is very similar in each set between the various scenarios) 

and that both models use the same value of uniformity exponent (n). 
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Table 9: Results of both empirical size fragmentation models, used for plotting the average curves for each blast 
design scenario in the intraquarry testing phase. 

  Global average 
Average 

Reference 
Average High 

Column 
Average 

Pocket Charge 

Kuz-Ram 
parameters 

n 1,288 1,374 1,378 1,148 

x50 (cm) 39,2 38,2 35,8 42,3 

KCO 
parameters 

n  1,288 1,374 1,378 1,148 

SF (cm) 200 200 200 200 

xmax (cm) 200 200 200 200 

b  -4,682 -4,890 -4,994 -4,286 

x50 (cm) 28,4 27,0 27,4 30,3 

This data allowed in turn to plot the average situation according to each model, as seen in Figure 48 for 

the Kuz-Ram model and Figure 49 for the KCO model. 

 

Figure 48: Average fragmentation curve for each blast design scenario according to the Kuz-Ram model. 

The central tendency parameters of the Kuz-Ram curves can be seen in Table 10. There, and in Figure 

48, the Kuz-Ram prediction for the reference and high column situations are very similar, the higher 

column fragmentation curve being slightly finer. The pocket charge situation is, on the other hand, 

predicted to generate a significantly coarser distribution curve, due to the reduction of the overall amount 

of explosives owing to an increase in the stemming length in which the amount of explosive gained in 

the pocket charge is irrelevant compared to the amount lost in stemming. 
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Table 10: Central tendency parameters of the Kuz-Ram curves of Figure 48. 

Kuz-Ram 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Pocket 
Charge 

57,74 19,49 42,29 78,46 89,71 58,98 

Reference 48,86 19,73 38,20 65,20 73,26 45,47 

High 
Column 

44,80 18,88 35,87 59,54 66,39 40,66 

 

As mentioned, Figure 49 displays the average results of the KCO model for the three blasting situations.  

 

Figure 49: Average fragmentation curve for each blast design scenario according to the KCO model. 

The central tendency parameters of the KCO curves can be seen in Table 11. Similarly to the Kuz-Ram 

model, the KCO prediction of fragmentation in both the reference and high column situations are very 

similar and the pocket charge situation is also predicted to generate a significantly coarser distribution 

curve. The overall results of the KCO model are, nonetheless, predicted to be much finer, as can be 

seen by the predicted weighted average, as could be expected. 

Table 11: Central tendency parameters of the KCO curves of Figure 49. 

KCO 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Pocket 
Charge 

36,81 17,39 30,22 46,25 51,33 25,04 

Reference 32,97 15,93 27,01 41,00 45,06 25,07 

High 
Column 

33,10 16,75 27,48 40,74 44,61 24,00 
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The Kuz-Ram average results of Figure 48 and the FRAGTrackTM average results of Figure 46 for each 

blast design scenario can be seen in Figure 50. 

 

Figure 50: Comparison of the average fragmentation curve predicted by the Kuz-Ram model and the observed 
FRAGTrackTM data for each blast scenario. 

In Figure 50, it is apparent that a discrepancy exists between the Kuz-Ram and FRAGTrackTM data: the 

Kuz-Ram model prediction appears to be much coarser than the observed (and likely realistic) finer 

FRAGTrackTM fragmentation. Unsurprisingly, given the mentioned Kuz.Ram general inability to correctly 

predict the quantity of fine rock fragments, this discrepancy is most notable in the 0 to 35 cm range, 

where the FRAGTrackTM passing % values are almost double of the Kuz-Ram ones. In itself, that is a 

good sign, as is the size range of 90 cm in which these two sets start to converge, a region where the 

Kuz-Ram model is perceived as less inaccurate. More specifically, the two curves from each type of 

blast (e.g., the reference Kuz-Ram and the reference FRAGTrackTM curves) seem to be connected: in 
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both sets, the high column curve is the finest of the three, followed by the reference curve and then by 

the pocket charge curve; this is also a good sign regarding the accuracy of the prototype. 

The KCO average results of Figure 49 and the FRAGTrackTM average results of Figure 46 for each blast 

design scenario can be seen in Figure 51.  

 

Figure 51: Comparison of the average fragmentation curve predicted by the KCO model and the observed 
FRAGTrackTM data for each blast scenario. 

In Figure 51, the previous discrepancy between the Kuz-Ram and the FRAGTrackTM data is less 

noticeable but the FRAGTrackTM data remains finer than the KCO prediction until approximately 40 cm, 

where all curves start to meet with the exception of the high column observed by the prototype. Again, 

it is a good sign regarding the accuracy of the equipment given the established inability of the KCO 

model to correctly predict fragmentation in the finer size ranges. Where the KCO model excels, in terms 

of precision and accuracy, is in the medium to coarse size ranges (starting from 50 cm). This size range 

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

A
R

EA
 %

 P
A

SS
IN

G

PARTICLE SIZE (CM)

Pocket Charge KCO Reference KCO High Column KCO

Pocket Charge FragTrack Reference FragTrack High Column FragTrack



67 

is precisely where the data from both sets starts to converge. This, in turn, points to the precision of the 

equipment since there is a general agreement of all three curves of both data sets. 

The error from the Kuz-Ram model and the KCO to the FRAGTrackTM data for each blast type (e.g., 

average reference Kuz-Ram and average reference FRAGTrackTM) can be seen in Table 12 and in 

Table 13, respectively. The values in these tables are indicative of the real deviation of the empirically 

predicted values to the FRAGTrackTM data obtained from the curves observed in the last two figures. As 

these errors are averages obtained from all 13 blasts, they could themselves be subject to statistical 

analysis as they certainly exhibit deviation between themselves. 

Table 12: Average errors types of the Kuz-Ram curves of Figure 50. 

Kuz-Ram 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Pocket Charge 11,69 283,58 16,29 28,61 

Reference 9,74 293,21 17,12 42,10 

High Column 12,82 316,93 17,80 35,81 

 
Table 13: Average errors types of the KCO curves of Figure 51. 

KCO 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Pocket Charge 4,85 87,68 9,36 16,28 

Reference 5,40 119,11 10,91 17,72 

High Column 5,06 102,59 10,13 18,53 

 

In Table 12 and in Table 13, it can be seen that at any point of the curves there exists, on average, an 

absolute deviation of at least 10 and 5 cm to the Kuz-Ram and KCO models, respectively, the highest 

average value of absolute deviation being in the high column Kuz-Ram situation and the lowest in the 

pocket charge KCO situation. While this may seem significant, the variance in this error is considerable, 

as can be seen by the MSE and RMSE errors of these two scenarios. Looking at the RMSE values, 

these suggest a higher variance in the KCO model as they are the double of the KCO MAD values, 

whereas in the Kuz-Ram model they are slightly less than the double of the Kuz-Ram MAD values. 

Nonetheless, the RMSE errors for the Kuz-Ram model are objectively higher. Regarding the MAPE, it 

the difference between Kuz-Ram and KCO values is apparent, the absolute error being near half in the 

second model. It is also interesting to note that there is considerable deviation between blasting 

scenarios in the MAPE of the Kuz-Ram model whereas the KCO model has little deviation. 

In Figure 52, the overall averages of the Kuz-Ram and KCO models are compared with the 

FRAGTrackTM overall average, regardless of the blasting scenario. Here, it can be seen that what has 

been previously said about the relation between these two empirical models prediction and the observed 

FRAGTrackTM data (disparity in the finer section and agreement in the coarser). In the KCO case, the 

disparity in finer size classes (from 5 to 50 cm) is obvious, as is the very beneficial agreement of the 

KCO and FRAGTrackTM curves after 65 cm particle size. Regarding the Kuz-Ram curve, however, it can 

be seen very little agreement between this model and the FRAGTrackTM data. Again, the KCO is 
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generally seen as the superior model in all cases and the Kuz-Ram model is traditionally used for 

comparison with older sources—the FRAGTrackTM agreement with the KCO model is more relevant. 

 

Figure 52: Overall averages fragmentation curves predicted by the Kuz-Ram and KCO models, compared with 
the FRAGTrackTM overall average (independently of each blasting scenario). 

The interpretation of Figure 52 can be assisted by Table 14, where the central tendency parameters of 

the three curves are presented. There, while the weighted average of the FRAGTrackTM data and of the 

KCO model is similar, the quartile values are rather different. However, the interquartile range of these 

two series is similar, indicating that the progression of the curves is comparable. 

Table 14: Central tendency parameters of the overall average curves of Figure 52. 

 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Kuz-Ram 51,34 19,44 39,24 68,99 78,00 49,55 

FRAGTrackTM 29,98 9,09 17,15 31,68 38,65 22,59 

KCO 34,48 16,67 28,48 42,96 47,37 26,29 

The average error from the Kuz-Ram model and the KCO to the FRAGTrackTM data can be seen in 

Table 15. This table adds little information relative to Table 12 and Table 13 but contains what is possibly 

the most interesting (albeit reductive) value of this work since the intraquarry statistical analysis is likely 

more representative of the equipment’s performance: the global mean absolute percentage error of 

these models when compared with the FRAGTrackTM data. 
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Table 15: Overall average error types to each empirical predicted fragmentation model to FRAGTrackTM data. 

 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Kuz-Ram 11,95 273,91 16,71 35,46 

KCO 5,52 103,21 9,78 17,35 

It can be seen from the values above that the equipment has a considerable value of error and variance 

when compared with the two models. While the difference to the Kuz-Ram model is somewhat expected 

(and to some extent welcomed), the difference to the KCO model is more “dangerous” but, as it is in the 

size ranges where the KCO is generally regarded as less accurate, it is also an encouraging factor 

regarding the precision and accuracy of the prototype. 

Although, from what has mentioned before, the error and variance are significant, it should be mentioned 

that both of these factors are so in the direction of finer measured fragmentation curves and, therefore, 

are likely to be considerably nearer the ground truth than results predicted by the empirical models. 

Thus, the FRAGTrackTM results are relatively accurate. While it is probably impossible to determine how 

close to the ground truth the results are, this testing allowed to ascertain that the results are at least 

precise and consistent. What is certain is the capacity of the FRAGTrackTM equipment to observe, 

compare and help solving a real operational problem in non-intrusive and user-independent fashion. 

6.3. Interquarry Testing results 

This subchapter displays the results of the interquarry testing phase where the FRAGTrackTM 

measurements are also compared with the Modified Kuz-Ram and KCO empirical fragmentation 

models. The data used for these models can be consulted in Table 26 of Annex D and is similarly under 

the same assumptions as it was in the intraquarry testing (mentioned in the beginning of subchapter 

6.2.). As local detailed information is scarce, the necessary geomechanical aspects for the two models 

had to be estimated based on standard values given by (MatWeb, 2018). 

Table 16: Results of both empirical size fragmentation models, used for plotting the curves for each blast of each 
quarry in the interquarry testing phase. 

  Pedreira do 
Calcário 

Sicóbrita 
Portela nº7 

(white) 
Portela nº7 

(red) 

Kuz-Ram 
parameters 

n 1,281 1,255 1,331 1,589 

x50 (cm) 11,4 22,2 25,0 62,5 

KCO 
parameters 

n 1,288 1,374 1,378 1,148 

SF (cm) 100 200 200 400 

xmax (cm) 100 200 200 400 

b -4,128 -3,922 -3,955 -5,209 

x50 (cm) 10,2 19,0 17,1 42,5 

  



70 

6.3.1. Pedreira do Calcário quarry testing 

Figure 53 displays the testing results done in the Pedreira do calcário quarry. 

 

Figure 53: Comparison of the fragmentation curve predicted by the Kuz-Ram and KCO models and the observed 
FRAGTrackTM data for the Pedreira do Calcário quarry. 

In Figure 53, a similar scenario to the previous graphs can be seen: the FRAGTrackTM curve above the 

KCO model, in turn above the Kuz-Ram model. However, while the FRAGTrackTM curve may seem 

substantially above the other two, it is due to the horizontal scale being much narrower than in previous 

figures. In fact, this quarry presents a very brittle and soft limestone geology. From this situation stems 

a very fine fragmentation curve, especially adding that more than sufficient amount of explosive was 

used. This result can be corroborated by Table 17, in which 80% the diameter of the fragments is under 

20 cm wide, a low value and with an equally low variance, as indicated by the unexceptional IQR values. 

Table 17: Central tendency parameters of the overall average curves of Figure 53. 

 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Kuz-Ram 16,20 5,80 11,58 19,70 22,32 13,90 

FRAGTrackTM 12,66 4,63 8,47 13,65 14,87 9,01 

KCO 15,17 5,10 10,00 17,70 19,67 12,60 

Table 18 presents the error types to each empirical predicted fragmentation model to the FRAGTrackTM 

data. What is most remarkable about these results are the overall considerably low values of mean 
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absolute percentage error. This low error is an extremely good sign regarding the prototype’s ability to 

predict blasts with a finer fragmentation: the brittle and soft geology allows the empirical models to easily 

predict the resulting blast fragmentation, as a blast in this type of quarry rarely is expected to produce a 

large amount of coarse particles and almost never produces boulders, provided that the blast design is 

correct. This capability in predicting this type of blast result is apparent in Figure 53, as the two curves 

are very similar. Therefore, it can be admitted that the models are very close to the ground truth 

(especially the KCO model, by a small margin) and that the prototype, in matching their results, observed 

and classified the particles with remarkable precision and accuracy. 

Table 18: Error types to each empirical predicted fragmentation model to FRAGTrackTM data of Figure 53. 

 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Kuz-Ram 3,99 48,99 7,00 6,94 

KCO 2,64 21,63 4,65 4,06 

It should be noted that, while the results are positive, there seems to be a significant amount of variance 

as indicated by relatively considerable RMSE values. This may in part be because only one data set of 

images was sampled. 

6.3.2. Sicóbrita quarry testing 

Figure 54 displays the testing results done in the Sicobrita quarry. 

 

Figure 54: Comparison of the fragmentation curve predicted by the Kuz-Ram and KCO models and the observed 
FRAGTrackTM data for the Sicóbrita quarry. 
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The FRAGTrackTM data seems to agree with the KCO model below the size class of 5 cm and above 

the size class of 40 cm (with a small divergence in the 45 cm size class). Figure 54 shows three 

fragmentation curves which do also not differ from what was expected, considering that the geology is 

similar to the Bom Jesus quarry. In this aspect, it is interesting to see that the results observed in that 

testing phase are replicated here, which again point to the precision of the prototype (and, if the observed 

results are near the ground truth, also points to the prototype’s accuracy). Nonetheless, some size 

classes are unrepresented, which may point to deficient sampling. 

Table 19 and Table 20 present the central tendency parameters and error types of this blast test. 

Table 19: Central tendency parameters of the overall average curves of Figure 54. 

 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Kuz-Ram 29,78 11,06 22,32 38,71 43,60 27,65 

FRAGTrackTM 25,29 7,41 14,33 26,86 35,46 19,45 

KCO 26,92 8,91 19,10 33,92 38,48 25,01 

Table 20: Error types to each empirical predicted fragmentation model to FRAGTrackTM data of Figure 54. 

 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Kuz-Ram 3,44 43,77 6,62 7,96 

KCO 2,05 16,40 4,05 3,73 

Curiously, this blast presents the lowest error values from FRAGTrackTM data to the KCO model, smaller 

even than the easily predicted fragmentation resulting from the brittle fragmentation of the Pedreira do 

Calcário quarry testing. While this may be a good result, it should be noted that this consists of only one 

sample and might be a case of variance. It should also be noted that the marl layers considerably 

diminish the average Young modulus used in the empirical models, from which might result a prediction 

of finer fragmentation than these models would normally have given, which in turn might explain the 

small error values. 
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6.3.3. Portela nº7 quarry 

Figure 55 displays the testing results done in the highest, red bench Portela nº7 quarry. 

 

Figure 55: Comparison of the fragmentation curve predicted by the Kuz-Ram and KCO models and the observed 
FRAGTrackTM data for the Portela nº7 quarry highest, red bench. 

Figure 55 exhibits an obvious problem: many size classes are not represented. For example, rock 

fragments until the size bin of 30 cm were observed (there is always some amount of fine fragments 

resulting from the crushed and fractured zone around the blastholes, as seen in subchapter 2.3.3.) but 

the size bin of 35 cm, the one immediately after, is empty, a pattern repeated throughout the 

fragmentation curve. As it is extremely unlikely that no rock fragments with 35 cm of diameter exist while 

fragments of 40 cm do, the most likely explanation to these omissions lies in insufficient or incorrect 

sampling.  

A second hypothesis is regarding the lighting of the scene, which was not ideal, as can be seen in Figure 

56, or that the rock mixed colour interfered with the image analysis software. These hypotheses are not 

as likely to have interfered when compared to ineffectual sampling. 
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Figure 56: Observed rock in which shadowing is evident at the Portela nº7’s red bench. Tennis ball for scale.  

Therefore, as interesting as this blast might have proved because of the rock colour, it cannot be 

analysed in the same scope of the other blasts: the lack of fragments causes the statistical comparison 

to the models to be ineffective as these provide continuous size distribution. However, imagining that 

rock fragments did exist, and that the non-represented size bins behave in a linear fashion, the 

FRAGTrackTM observed values would be consistent with the KCO model. Given the problematic nature 

of the blast conditions (the hard rock, the rock alteration, the intense and random fracturing), it is likely 

that the KCO model is not an accurate rock particle size estimator. 

Figure 57 displays the testing results done in the lower bench Portela nº7 quarry. 

 

Figure 57: Comparison of the fragmentation curve predicted by the Kuz-Ram and KCO models and the observed 
FRAGTrackTM data for the Portela nº7 quarry lowest, white bench. 
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In Figure 57, and for the first time, there seems to be an inversion of the observed trend: the 

FRAGTrackTM data is very similar to the KCO model in the finer chapters of the distribution curve but 

disagrees in the upper part of the curve, where the models are supposedly more precise. The most 

immediately logical reason is that the geological parameters used in the models are wrong. However, 

this quarry’s geology is plain, being brittle and with regular fractures; therefore, the parameters used are 

likely to be correct and the results are also simple to predict.  

That said, and looking at Table 21 and at Table 22, it can be seen that the results in both central tendency 

parameters and error types obtained from the both types of sources are very similar between each other 

and to the previous results. Consequently, while there is here an inversion of the trend, it is likely due to 

variance. With further sampling, it is likely that the average FRAGTrackTM results would gradually 

become finer. Alternatively, it could always be assumed that image processing was not done correctly. 

Table 21: Central tendency parameters of the overall average curves of Figure 57 

 
Weighted 
average 

(cm) 

1st Quartile 
(cm) 

2nd Quartile 
(cm) 

3rd Quartile 
(cm) 

d80 (cm) IQR (cm) 

Kuz-Ram 32,85 12,95 25,06 42,28 47,30 29,33 

FRAGTrackTM 33,10 9,80 18,62 35,66 41,10 25,86 

KCO 30,85 5,33 17,17 39,24 46,75 33,91 

Table 22: Error types to each empirical predicted fragmentation model to FRAGTrackTM data of Figure 57 

 
Mean Absolute 
Deviation (MAD, 

cm) 

Mean Square 
Error (MSE, cm) 

Root Mean Square 
Error (RMSE, cm) 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Kuz-Ram 3,14 25,88 5,09 6,78 

KCO 2,51 14,63 3,83 4,85 
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6.4. Overall error results 

Regarding the difference or error from the FRAGTrackTM data to the empirical models, the only 

significantly comparable parameter is the mean absolute percentage error since it is a relative measure. 

The MAPE values obtained for each tested site are displayed in Table 23. 

Table 23: Mean Absolute Percentage Error to FRAGTrackTM data for each testing site 

Mean Absolute 
Percentage Error 

(MAPE, %) 

Pedreira do 
Bom Jesus 

Pedreira do 
Calcário 

Pedreira do 
Sicó 

Portela nº7 Overall 

Kuz-Ram 35,46 6,94 7,96 6,78 14,29 

KCO 17,35 4,06 3,73 4,85 7,50 

In Table 23, it can be seen that: 

• The error values are always higher in the Kuz-Ram model, close to being twice the values 

displayed by the KCO method. Since the KCO model is more accurate in almost all geological 

and blasting situations, this is a good result, especially given that the equipment always observed 

finer fragmentations that the ones predicted by both models; 

• The error values are significantly higher in the Pedreira do Bom Jesus quarry, nearly four times 

the values of the other test locations. This is easily explained by the geology of this quarry, where 

hard and fractured limestone alternate with very soft and brittle marl layers. Consequently, the 

resulting fragmentation is equally divided in two, the finer section of the fragmentation curves 

being considerably different from the values predicted by both models and the coarser section 

being similar to the values predicted. This similarity is more apparent in the KCO model’s average 

results as this model accurately defines the largest block size (and guides the coarsest section of 

the distribution) as a function of the natural fracture families—explaining the comparatively 

reduced error of the KCO model; 

• The overall MAPE values are misrepresentative of the actual average error value and are a 

consequence of the sampled testing sites. Without the Pedreira do Bom Jesus quarry, the overall 

error is approximately equal to 4%. However, it must be mentioned that this value is obtained 

from quarries and blasts that are easily predictable by the two empirical models, mainly because 

these quarries have brittle rock and a competent rock blasting operation. It can be inferred loosely 

that, with enough tested quarries, the overall average MAPE for the KCO model would be 

between 4% and 17%. 
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7. Conclusions and future works 

In short, the FRAGTrackTM Mobile prototype displayed what appear to be mostly positive results in both 

the field-testing component and in its image analysis results, especially given its alpha stage of 

development. However, this is a subjective statement: while the equipment performed well operationally 

in the context in which it was inserted, it might not do so in other conditions, as was the case in the 

Portela nº7 quarry.  

Furthermore, the prototype was compared to empirical fragmentation models and, at least, measured 

finer rock sizes than these models, which is certainly a good sign. While empirical models are useful for 

the scientific community to easily compare fragmentation results, they are still a work in progress and 

depend on qualitative and sometimes subjective information which had to be estimated. However, it 

should be noted that these models are meant to be used with wide-ranging geological and blasting 

information, as opposed to precise data—diminishing the influence of inexperience. 

Regardless, and more objectively, the research and fieldwork from which this work stemmed served the 

undeniable purpose of putting a virgin prototype on a real and well-defined operational situation with a 

tangible blast design-oriented objective and proving that it could reach that goal with a relatively small 

number of observations. This meant that the prototype was, for the first time in the world, exposed to 

inexperienced users who, by constant contact with the prototype developers, provided insight on how 

other users might operate the equipment and revealed its initial development problems.  

On a more critical note, this work has many shortcomings that lead to possible future works: 

• Without a doubt, the greatest flaw of this work is the lack of comparison of the prototype data with 

systemic and unbiased computer-based image analysis. However, lack of time in the interquarry 

testing phase and of resources in the intraquarry testing phase prevented the use of this 

technology. Thus, image analysis comparison (for example, with Orica’s PowerSieve) would be 

the most interesting future work regarding the testing of this equipment; 

• The original goal of the interquarry testing phase was to bring the equipment to as many places 

as possible. Despite that, only three locations had rock material apt to be sampled and the three 

were limestone quarries, even if they did display sufficiently different conditions to be worthy of 

testing (in rock quality or colour). Therefore, the equipment was not tested on as many types of 

rock as intended, such as dark granite rock, even though such testing sites were visited. Thus, 

the second most interesting future work would be to bring this equipment to other and more varied 

test sites; 

• Coincidentally, testing was almost always done on sunny days at midday which means some bias 

exists but remains constant throughout the data set. While the bias reduction is in itself a positive 

aspect, the equipment remains to be tested on different ambient brightness levels such as in the 

early morning, late afternoon or in overall dark but artificially well-lit conditions (such as 

underground mines), all of which would no doubt be interesting to the scope of this work; 



78 

• True blast design optimization affects the global project economy. While the equipment did allow 

for a blast design optimization choice, it is no replacement for an extensive cost reduction or 

operational efficiency project that analyses each mining unit operation as well as the impact on 

the general mining unit operations cycle. As such, it would be interesting to include the equipment 

in such a project. 

Ultimately, the FRAGTrackTM Mobile is an equipment unlike most fragmentation image analysis 

equipment and offers advantages and disadvantages, not only by itself but also when compared to other 

fragmentation analysis methods. The pros and cons of this equipment, resulting from the activities 

developed during this work, are displayed in Table 24. 

Table 24: Pros and cons of the FRAGTrackTM Mobile prototype 

Pros Cons 

Swift capture and processing phases with 
relatively good results. 

Sampling can put operators too close to the 
muck pile and in dangerous situations. 

Little user input on the processing phase due to 
automatization, as well as in the sampling phase 

if a sampling methodology is followed due to 
automatic image acquisition. 

Equipment is extenuating to handle physically by 
only one operator and commonly increases the 
risk of falling while walking over rock due to loss 

of equilibrium. Both factors are significantly 
diminished by two operators. 

Incorporation of 3D elements allows for better 
precision and accuracy than 2D software. 

Automatic sampling and processing options 
remove punctual user input that might have 

been useful. 

No image scale element required. 
Reprocessing images overrides previous 

processing, which requires users to save images 
in other file locations for comparison. 

The sampling equipment is the same as the 
processing equipment. 

Sampling might require that the muck pile is 
being dug which might interrupt operations. 

Integrated GPS allows for precise geolocation. 
Equipment resolution is permanent, 

improvement can only come from future 
development.  

Equipment is easy to understand and provides 
equally understandable results. 

Processing output consists only of cumulative 
distributions, which might be insufficient for 

many applications. The user has to transfer and 
analyse data in a computer to obtain more in-
depth results such as size class distributions. 

To conclude, this work had three main objectives: 

1. To ascertain the basic functioning of the prototype and, if required, report whatever defects it may 

have with its developers until correct functioning was established; 

2. To test its preciseness in one specific blast design optimization application; 

3. To test its correct functioning and usefulness in various operational scenarios. 

Regarding the fulfilment of these three main objectives, the following can be said: the prototype, with 

the support of its developers, appears to be fully functional, precise and accurate in both operational 

scenarios, despite initial and considerable setbacks.  
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A1 

Annex A: GPS testing 

This annex has for objective to demonstrate a testing location of the GPS functionality of the 

FRAGTrackTM Mobile camera unit. Testing of the GPS functionality was done regularly, but only one 

example is presented. This was done in the Arco do Cego parking lot western pedestrian entrance by 

capturing an image of the ground. The GPS tag given by the equipment in the decimal GPS system was 

(38.73569, -9.14329, 89m). As can be seen in Figure 58 and Figure 59, this location coincides very 

nearly with the pedestrian entrance coordinates and altitude given by external sources. 

 

Figure 58: Decimal GPS tag (on the left) given by the equipment at the pedestrian entrance indicated by the blue 
arrow corresponds almost exactly to the location given by the red marker (GPS Coordinates, 2018). 

 

Figure 59: Altitude given by the equipment corresponds almost exactly to the elevation given by the blue marker 
(FreeMapTools, 2018).
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Annex B: Image processing example 

This annex has for objective to demonstrate a typical image analysis processing phase by the 

FRAGTrackTM Mobile (Figure 60). In it, the gradual “sieving” of smaller rock sizes is apparent. 

  

  

  

  

Figure 60: Typical and successful image analysis processing sequence of active rill rocks  



C1 

Annex C: Intraquarry blast design parameters 

This annex has for objective to show the blast parameters obtained and used for the Modified Kuz-Ram 

and KCO empirical models in the intraquarry testing phase. These can be seen in Table 25. 

Table 25: Blast parameters used for the Kuz-Ram and KCO empirical models in the intraquarry testing phase 

 Global 
average 

Average 
Reference 

Average High 
Column 

Average Pocket 
Charge 

V (blasted rock, m3) 2557,3 2471,2 2958,2 2514,9 

nº holes 9,8 10,0 10,0 9,6 

B (burden, m) 4,0 3,7 4,1 4,2 

S (spacing, m) 4,0 4,1 4,2 3,9 

H (bench height, m) 15,3 15,5 17,0 15,1 

Hole Length (m) 16,1 16,4 17,3 16,0 

Stemming 3,6 3,2 2,3 4,5 

L (charge length, m) 12,5 13,2 15,0 11,4 

BCL (bottom charge length, m) 0,4 0,4 0,4 0,4 

CCL (column charge length, m) 12,1 12,8 14,6 11,0 

α (hole inclination, degrees with 
vertical) 

15 15 15 15 

W (std deviation, m) 0,136 0,146 0,129 0,138 

D (hole diameter, mm) 95 95 95 95 

Q (explosive mass, kg) 690,3 719,5 898,2 594,8 

SANFO (explosive relative strength, %) 111 111 111 111 

A (rock factor) 4,5 4,5 4,4 4,5 

RMD (rock mass description) 50 50 50 50 

JF (joint factor) N/A N/A N/A N/A 

JPS (vertical joint spacing) N/A N/A N/A N/A 

JPA (joint plane angle) N/A N/A N/A N/A 

HF (hardness factor) 17,0 17,1 15,0 18,1 

Y (Young modulus, GPa) 48,8 49,0 45,0 51,0 

UCS (unconfined compressive 
strength, MPa) 

N/A N/A N/A 100,8 

RDI (rock density influence, t/m3) 7,4 7,5 7,5 7,1 

RD (rock density, t/m3) 2,3 2,3 2,3 2,3 

q (specific charge, kg/m3) 0,40 0,43 0,43 0,37 

BC density (kg/m3) 1200 1200 1200 1200 

CC density (kg/m3) 1180 1180 1180 1180 
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Annex D: Interquarry blast design parameters 

This annex has for objective to show the blast parameters obtained and used for the Modified Kuz-Ram 

and KCO empirical models in the interquarry testing phase. These can be seen in Table 26. 

Table 26: Blast parameters used for the Kuz-Ram and KCO empirical models in the interquarry testing phase 

 Global 
average 

Average 
Reference 

Average High 
Column 

Average Pocket 
Charge 

V (blasted rock, m3) 5116,8 8075,0 7920,0 3712,5 

nº holes 13,0 17,0 20,0 10,0 

B (burden, m) 4,0 5,0 4,8 4,5 

S (spacing, m) 4,0 5,0 5,0 5,0 

H (bench height, m) 24,0 18,0 16,0 14,0 

Hole Length (m) 24,6 19,0 16,5 16,5 

Stemming 4,0 3,0 2,0 2,0 

L (charge length, m) 20,6 16,0 14,5 14,5 

BCL (bottom charge length, m) 3,2 0,4 0,4 0,4 

CCL (column charge length, m) 17,4 15,6 14,1 14,1 

α (hole inclination, degrees with 
vertical) 

15,0 17,0 15,0 15,0 

W (std deviation, m) 0,2 0,2 0,1 0,1 

D (hole diameter, mm) 95,0 95,0 95,0 95,0 

Q (explosive mass, kg) 1950,0 1875,0 1500,0 750,0 

SANFO (explosive relative strength, %) 115,6 113,3 114,5 114,5 

A (rock factor) 1,5 2,0 2,0 5,8 

RMD (rock mass description) 10,0 10,0 10,0 80,0 

JF (joint factor) N/A N/A N/A 80,0 

JPS (vertical joint spacing) N/A N/A N/A 50,0 

JPA (joint plane angle) N/A N/A N/A 30,0 

HF (hardness factor) 10,0 15,0 15,0 8,3 

Y (Young modulus, GPa) 30,0 45,0 45,0 25,0 

UCS (unconfined compressive 
strength, MPa) 

N/A N/A N/A N/A 

RDI (rock density influence, t/m3) 5,0 7,5 7,5 7,5 

RD (rock density, t/m3) 2,2 2,3 2,3 2,3 

q (specific charge, kg/m3) 0,4 0,3 0,3 0,3 

BC density (kg/m3) 1200,0 1200,0 1200,0 1200,0 

CC density (kg/m3) 1180,0 1180,0 1180,0 1180,0 

 


