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ABSTRACT 
 

The characterization of rock properties is a vital task in the challenge for hard rock 

mining operation. A simplified and straightforward characterization of rock 

properties provides information about the safety of ground structure (e.g. slope, 

tunnel, etc.), and the strategy to improve productivity in terms of rock breakage 

process. The penetration-rate of drilling has been proposed to quantify the 

comminution characteristics of rock by virtue of real-time logging of drilling 

performance otherwise the data is obtained from a time- and cost-consuming 

laboratory test; this is called measurement while drilling. In the mining industry, 

this technique can be a useful tool that has allowed for the meticulous and routine 

data collection of geological information from blasthole drilling operations. In this 

study, the mechanical performance of drill and its interaction with the rock 

properties is investigated in laboratory scale. The rock properties include tensile 

strength, hardness, and grindability, which is considered as the influential 

parameters of the required energy consumption for the comminution processes. For 

sandstone samples, the penetration-rate data shows a good correlation with tensile 

strength, hardness, and Bond work index; this implies that penetration-rate data can 

be a good indicator to estimate comminution characteristics. Additionally we 

carried out the same test with limestone samples. Second, field study is conducted 

to investigate the interaction between current blast design and rock fragmentation. 

Fabricating the blast design and fragmentation through the blast operation might 

enable to construct proper strategy to reduce the energy cost of downstream 

processes including crushing and grinding by using the rock characteristics 

measured from the blasthole drilling. The concept of this process is a part of Mine-

to-Mill optimization. The thesis proposed the blueprint of Mine-to-Mill 

optimization, providing a guideline for further in-situ research. 
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CHAPTER 1.  

INTRODUCTION 
 

 

The characterization of the rock properties plays an important role to construct 

mining strategy and to improve productivity in hard rock mining operation. By 

considering the nature of the hard rock mine, the finely disseminated valuable 

minerals throughout the orebody requires several steps of rock breakage process, 

called comminution (e.g. blasting, crushing, and grinding), to liberate the mineral 

from gangue. The high dependence of rock breakage processes commonly leads to 

the huge amount of comminution energy, which is also subject to the strength of 

the rock. Moreover, overlooking the rock mass condition in mine could  cause the 

poor fragmentation from blasting and the damage to mine equipment and 

infrastructures by inducing slope failure on surface mine or tunnel collapse on 

underground mine. However, the dramatic changes in the geological condition of 

the mining area, even throughout the short-term operation, due to changes in rock 

type, isotropy, and the degree of weathering provide challenges for applying the 

ore-specific mining strategy.  

One possible way to collect the geological data is the use of penetration rate (PR) 

from blasthole drilling performance. With development of data processing and 

storage, measurement-while-drilling (MWD) technology facilitates the real-time 

data collection of drilling performances such as penetration rate, feed force, or 

torque. The application of MWD is considered an attractive alternative to the 

conventional laboratory testing for identification of rock properties due to 
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considerable advantage of wide range of data collection based on systematic and 

routine blasthole drilling. The use of PR data in conjunction with the determination 

of comminution characteristics, especially energy consumption for the rock 

breakage, can be suggested as a future field application. The identification of rock 

properties from drilling performance could be a part of the ‘Mine-to-Mill’ system 

and its optimization, which was well defined by Scott [1]: “Mine-to-Mill 

improvement involves optimizing the chain of rock breakage processes from the in 

situ rock in the mine to the output of the concentrator.”  

The ideal Mine-to-Mill model could achieve the cost savings from the energy 

consumption through comminution processes in hard rock mines. Besides the 

identification of rock properties for the given area, the model requires to investigate 

the changes in rock particle size and corresponding energy consumption. The 

assumption of the Mine-to-Mill scheme proposed in this thesis is that the blasting 

is the controllable factor to fabricate the downstream processes including crushing 

and grinding. It is because the blasting still relies on the human decision rather 

automation like other comminution devices, thereby having a higher flexibility. The 

rock fragmentation can be controlled by changing blast design parameters e.g. 

burden, spacing, and explosive types while the changes in the fixed operational 

condition such as feed and product size are limited for crushing or grinding machine 

in processing plant. Thus, the understanding the relationship between blast design 

as an input parameter and rock fragmentation as an output parameter is prerequisite 

to the site-specific or ore-specific Mine-to-Mill model.  
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The main purpose of the thesis is placed on the investigation of rock properties for 

comminution characteristic using drilling data before expanding the research scope 

to include field-scale data, which will use MWD to obtain real-time drilling data in 

the future. Moreover, data collected in the field is used to evaluate the 

fragmentation and blast design, and to provide insight into a part of Mine-to-Mill 

optimization scheme. The thesis is organized as follows: Chapter 2 highlights the 

background information of rock breakage theory and mechanisms of drilling, 

comminution process, and previous studies for integration of drilling to 

comminution. Chapter 3 describes four laboratory-scale tests, including the 

drillability, Brazilian disk, Leeb hardness, and Bond grindability tests, with 

sandstone and limestone samples that were carried out to correlate PR and 

comminution characteristics. Chapter 4 looks into the field experiment to correlate 

blasting fragmentation with specific energy of charged explosives in a limestone 

quarry.  Finally, Chapter 5 presents the conclusion and future works with proposed 

Mine-to-Mill blueprint.  
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CHAPTER 2.  

LITERATURE REVIEW 
 

2.1. Drilling in hard rock mine 
 

2.1.1. Drilling in mining industry 
 

The definition of drilling is to make holes under the ground by using drill bit and 

pipes for several purposes such as civil constructions, oil explorations, blastholes 

for surface mine, etc. There are two major drilling types used for mining industry: 

rotary drilling and percussive rotary drilling. The suitable drill bits can be 

determined based on the diameter of drillhole, and the hardness of formation 

represented by compressive strength of the rock. 

 

2.1.1.1. Rotary percussive drilling 

 

Rotary percussive drilling has been used in both hard and soft rocks. Because of 

the limitation of bigger diameter and no necessity of high load for drilling compared 

to rotary drilling, rotary percussive drilling becomes standard in underground 

mining or tunneling [2]. The energy generated by repeated blow creates 

shockwaves resulting in cracks on the rock. There are two types of rotary percussive 

drills: top hammers and down the hole hammers (DTH).  
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Top hammer is the fastest drilling method for small opencast, quarries and 

underground mine. The action of rotation and percussion produced outside of 

blasthole are transmitted to drill bit and this drilling method is efficient only under 

30m. On the other hand, DTH delivers the percussion directly to the drill bit, while 

the rotation is performed outside of the hole. This drilling method can be applied 

for large scale performance with larger diameter and depth up to 1000m.  

 

2.1.1.2. Rotary drilling 

 

Rotary drilling uses the normal force from exertion of drill bit and the torque from 

motor. Until 1949, rotary percussive drill had been dominant for almost all of 

blastholes and rotary drilling could be applicable only for soft rocks. With the 

increase in overburden and the appearance of bulk explosives such as ANFO, 

however, rotary drilling with tricone bit became more common drilling method 

because of its high penetration rates with bigger diameter [3]. The typical blasthole 

diameters varied between 2" and 17.5" (50 to 444mm). 
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Figure 1. The types of rotary drill bits 

 

Figure 1 illustrates the types of rotary drilling bits. Drag bits are subdivided by 

blade type bits and claw type bits and tricone bits are done by steel tooth type and 

tungsten carbide insert type. Although tungsten carbide insert bits are much more 

expensive than steel tooth bits, they have advantages of 1) maintenance of 

penetration rate during service life, 2) less feed force, and 3) less wear of drill bits.  

 

2.1.2. Mechanical excavation by drilling 
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Figure 2. A schematic diagram of drill bit and surface 

 

The mechanism of rock breakage under rotary drilling mainly occurs by rotational 

torque and axial thrust through drilling rods. Vertical thrust makes a drill bit 

penetrate to the ground and rotational torque peels off the upper part of the surface 

by creating shear zone (Figure 2). There are three basic processes involved in rock 

excavation by drilling performance [4]:  

 Elastic deformation and removal of surface irregularities; 

 Extension of crushing zone beneath on indenter; 

 Formation of chips by lateral force of the rotary torque. 

In this part, the previous studies for simplified mechanisms are investigated to 

understand what kinds of rock properties are related to the rock drilling process.  

 

2.1.2.1. Indentation 
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The mechanics of indentation have been proposed in terms of fracture mechanics, 

utilizing the Mohr-Coulomb or Tresca criterion and cavity expansion model. A 

typical mid- to high-strength of rock with high brittleness shows elastic behavior at 

the beginning of the contact of drill tip. However, further penetration of the drill tip 

generates the tensile fractures, which finally leads to rock fragmentation [5, 6]. The 

mode I fracture toughness is the key parameter of tensile crack propagation in brittle 

rock materials [7]. 

 

Figure 3. Zoning of ground deformation caused by indentation of drill bit [8] 

 

The crack formation process is well described in cavity expansion model. When an 

indenter penetrated into the rock mass, the deformation zone of the ground can be 

classified into three parts, as shown in Figure 3: (1) a center of crushed zone, (2) a 

plastic or damaged zone, and (3) an elastic or intact zone [8]. The volume of the 

crushed zone and the length of fractures depend on the rock properties; a relatively 

ductile rock (low hardness, high toughness), such as limestone or sandstone, forms 

a shorter crack length and a greater crushed zone; in contrast, a relatively brittle 
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rocks (high hardness, low toughness), such as basalt, show a less crushed zone and 

a longer crack length.  

 

2.1.2.2. Peeling off 

 

After vertical force creates indentation on the formation, lateral force occurs to 

generate shear-cum-tensile failure. The force applied on the ground for drag rotary 

drill bit depends on the angle between the tip and ground. In case of the contact 

angle less than 90, the shear stress is more dominant to create chips, but in case of 

the contact angle greater than 90, the tensile strength is a primary [3]. A simple 

schematic diagram shown on Figure 4 illustrates that the lateral pressures worked 

on the ground when the contact angle is 90. Given the small part within the ground, 

both the force exerted by rotational torque of drill and reaction of the force without 

confining force are present and this can be analogized as an unconfined 

compressive stress. On the other hand, the tip of tricone drill is rotating and 

producing lateral shear cracks to crush the rocks. Since the position of the tip is 

varying while drilling, the rotating tricone drill requires very high torque [3].  
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Figure 4. Schematic diagram describing peeling effect after indentation 

 

2.1.3. Drillability 
 

Drillability is defined as how easy to penetrate the rock by using mechanical drill. 

The purpose of understanding drillability is to estimate the duration and plans (e.g. 

type or number of equipment) of drilling work, which influencing the cost of 

construction or mining procedure [9]. The measurement of the PR in the field is 

derived from the volumetric changes per unit time [10], as: 

𝑃𝑅 = (
1

𝐴
) (

𝑑𝑉

𝑑𝑡
), (1) 

 

where dV/dt = rate of rock removal, A = cross-sectional area of hole. Thus, the 

researchers have studies the types of rock properties to cause volumetric changes 

in terms of rock breakage process under the drill bits.  

In order to verify the influence of rock properties, many researchers have conducted 

the laboratory or field based drilling test to find correlation between drillability and 

rock properties [11, 12]. Some researchers proposed the concept of ‘brittleness’, 

which is the combination of tensile strength and compressive strength, and insisted 

that brittleness is the essential mechanical properties of rock in terms of drillability 

[13, 14]. However, no agreement of brittleness has been developed until now.  

In addition, the concept of specific energy by drilling was introduced to evaluate 

the drillability [15, 16, 17]. Similarly, Thuro [2] suggested that the drillability can 

be demonstrated with ‘destruction work’, which means the energy required to 
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generate new surface of crack. The destruction work can be derived from the area 

of strain-stress failure curve.  

Table 1. Geological properties influencing rock drillability 

Properties Parameters 

Strength parameter UCS, tensile strength, and point load strength 

Hardness 
Schmidt rebound hardness, Mohr hardness, Shore 

hardness, and NCB cone indenter 

Energy property 
Fracture toughness, toughness index, critical energy 

release rate, and acoustic emission properties 

Texture 
Grain size, grain shape, mineral composition, porosity, 

and cementation 

Engineering property 
Young’s modulus, destruction work, brittleness, and 

elastic/plastic property 

Rock mass 
Joint characteristics (frequency, orientation, 

continuity, etc.) and weathering 

 

The various geological parameters which has been highly correlated with 

drillability of rock is listed in In addition, the concept of specific energy by drilling 

was introduced to evaluate the drillability . Similarly, Thuro  suggested that the 

drillability can be demonstrated with ‘destruction work’, which means the energy 

required to generate new surface of crack. The destruction work can be derived 

from the area of strain-stress failure curve.  

Table 1. The following description is about the major parameters relevant to rock 

mineralogy and strength influencing PR.  
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2.1.3.1. Uniaxial compressive strength (UCS) 

 

The UCS has been the most widely used rock properties for drillability study [18, 

19, 20, 21, 22]. After crack propagation by indentation of drill tip, the UCS affects 

to create chips by shear failure. The UCS represents various intrinsic rock 

properties: constitutive minerals and their spatial positions, weathering or alteration 

rate, micro-cracks and internal fractures, density and porosity influences the 

magnitude of UCS [23]. 

 

2.1.3.2. Tensile strength 

 

As mentioned in section 2.1.2, the tensile crack during indentation and peeling off 

can be a significant factor for the drillability [24, 11]. A crack opening and initiation 

is controlled by mode I fracture toughness, which is fundamentally related to tensile 

strength of the material [25]. 

 

2.1.3.3. Abrasivity  

 

Abrasivity is one of the parameter to influence rock drillability [2, 26, 24, 27].  

Abrasivity is a term to denote a deterioration experienced by cutting tool by wearing 
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its contact. The higher abrasivity of rock accelerates wear of tools and decrease in 

PR. Abrasivity can be quantified with the factors such as mineral composition, the 

hardness of mineral constituents and grain characteristics including size, shape and 

angularity [26]. There are two ways to define abrasivity: (1) Cerchar Abrasivity 

Number (CAN) and (2) Schimazek’s F-abrasiveness [28]. CAN is obtained from 

simple dragging test with steel cone shaped tool, and Schimazek’s F-abrasiveness 

can be calculated as following [29]: 

𝐹 =
𝐸𝑞𝑄𝑡𝑧 × 𝜑 × 𝐵𝑇𝑆

100
, (2) 

 

where F = wear factor (N/mm), EquQtz = the equivalent quartz volume percentage, 

𝜑 = the median grain size (mm), and BTS = the indirect Brazilian tensile strength. 

The tensile strength describes a bond strength between grain particles. The drilling 

in coarse grained rock is easier than fine grained rocks but abrasivity of coarse 

grained rocks is higher. 

 

2.1.3.4. Hardness 

 

Hardness can be considered as a mineral or rock’s resistance to tool penetration or 

indentation and it is represented with constitutive minerals, cohesion forces, 

homogeneity and the water content of rock [30]. Mohs hardness scale and Schmidt 

hammer rebound value are the widely used method for estimation of rock hardness 

[20, 31]. Mohs scale is the classification based on comparison between 
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representative minerals. On the other hand, Schmidt hammer rebound value cannot 

be the comprehensive test because of the error from test condition and tools. 

Most of the bits are made by steel, which has Mohs hardness of 5.5. Thus, a higher 

quartz content, 7 Mohs hardness, accelerates the wearing of the bits and decreases 

the life span. However, sedimentary rocks such as sandstone shows different 

behavior with others because of high porosity, often corresponding with a defect in 

the silicic cementation [2]. 

 

 

2.1.4. Measurement While Drilling (MWD) 
 

Measurement While Drilling (MWD) refers to a drilling technique of logging drill 

information, borehole position, orientation, and formation parameter from sensors 

equipped on the bottom of drill rod during down the hole. This has been widely 

used in oil well drilling to understand geological conditions such as hardness of 

rock mass and initial stress to consider borehole stability. With development of 

computational methods for analyzing a large number of data, the application of 

MWD has become available mining industry in practice: orebody delineation, 

identification of geological structure, blast optimization, and mine production 

control. Recently, many large-scale open pit mines collect the PR data from the 

blasthole drilling machine. The drill machine with MWD sensor has been 

developed by mechanics companies like Modular mining, Aquila mining system, 

Thunderbird Pacific, etc. [32]. 
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2.1.4.1. Drilling parameters 

 

Since it is not sufficient to use non-normalized PR data for geological interpretation, 

the use of two types of MWD parameters, independent and dependent, is required 

for logging in the system. [33, 34]. Independent parameters can be controlled by 

operator and affect the value of dependent parameters. This category includes 

rotational speed, air pressure, and thrust. Dependent parameters are related to 

mechanical responses, which is influenced by characteristics of rock mass and 

intact rock, which is including PR, torque, and vibration of the machine.  

 

2.1.4.2. Specific Energy for drilling 

 

Specific energy for drilling is a term to indicate the energy consumption to remove 

a unit volume of rock in unit time [15] or the energy consumption to create new 

surface area [17]. The energy consumption of drilling depends on not only the rock 

type, but also the amount of grinding occurred while drilling. Taele [15] announced 

that the minimum amount of specific energy requirement is constant in all rock 

types and also related to uniaxial compressive energy. For this reason, it requires 

preliminary testing and tuning of operational condition of drilling machine to apply 

to the specific rock type [35]. An actual case should consider the friction between 

drill and ground and internal friction of machine.  
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Teale [15] defined the specific energy for rotary non-percussive drilling as work 

done by eliminating unit rock volume, and it is expressed as, 

𝑆𝐸𝑑𝑟𝑖𝑙𝑙 =
𝐹𝑒𝑒𝑑 𝐹𝑜𝑟𝑐𝑒

𝐵𝑖𝑡 𝐴𝑟𝑒𝑎
+

2𝜋

𝐵𝑖𝑡 𝐴𝑟𝑒𝑎
∙

𝑇𝑜𝑟𝑞𝑢𝑒

𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
 . (3) 

 

Specific energy has a unit of pressure i.e. N/m2 or lb/in2 which is same as rock 

strength unit.  

Most of field-based measurement-while-drilling (MWD) researches adopted 

specific energy instead of PR because of its easiness of normalizing the effects of 

drilling parameters [35]. However, the specific energy is originated from empirical 

analysis thereby it cannot be an intrinsic property of the rock [36]. Zhou [37] used 

adjusted penetration rate (APR), which is a normalized PR data directly with feed 

force and torque, and Leung [38] also used APR as a relatively minor factor than 

specific energy because the normalization factor is highly dependent on data itself, 

rendering the detector more vulnerable with depth of mine.  

 

2.1.4.3. MWD application to geological identification 

 

The objective of the MWD study is to ferret out and classify the geological 

information for production plan or safety issues. Current study trends for mining-

oriented MWD can be categorized into two branches. The first is to investigate the 

methodology of data mining from huge amount of drilling data by using statistical 
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analysis. And the other branch is application to improve fragmentation and 

production rate on excavation conducted in mine or quarry.  

The interpretation techniques for MWD data have been developed after introducing 

machine learning algorithms. King and Singer [39] firstly used unsupervised 

machine learning, artificial neural network (ANN), to analyze the MWD data 

obtained from underground coal mine. The recorded torque, thrust, rotational speed, 

PR, and drill bit position were used to input data and classified by artificial neural 

network. The classification shows good matching with visual inspection of core log. 

Beattie [35] used a similar approach to identify rock type in a hard rock 

environment.  

However, the algorithm could not sufficiently classify the rock types and cover 

overall performance, especially in soft rock environment. MWD is still premature 

because it has limitations and challenges regarding recording frequency and 

developing reliable algorithms to process big data from MWD [40]. Khorzoughi 

[41] developed a special algorithm to extract blastability from MWD data. He 

interpreted specific energy obtained from penetration rate and evaluated the 

fractures of given ground condition. Increase in penetration rate and slightly 

decrease in torque and air pressure were observed in a fractured area. 

The monitoring of MWD data can be used in blast design by classifying hard and 

soft rock region. Schoble et al. [42], Leighton [43], and Bel and Brawner [44] 

studies the correlation between drilling parameters and PR of a blasthole drill. 

However, the data used the first generation study could not be recorded in real time, 

bearing limitation of data reliability. Segui and Higgins [45] well organized the 
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whole concept of application of MWD in blast performance, resulting in cost saving 

and improvement of production.  

Mozaffari [32] evaluated MWD data to visualize geological and geomechanical 

characteristics for Aitik mine, Sweden. He observed the correlations between PR 

and specific energy, blastability index and specific energy, and penetration rate and 

torque and vibration. Additionally, image analysis of fragmentation from blasting 

was used to observe correlation with penetration rate. High correlation rate denoted 

the possibility to use MWD data for estimating blasting performance. In the same 

mine, Ghosh [33] investigated a rock classification as hard and soft with MWD 

data, which shows inverse correlation between penetration rate and specific energy. 

He also utilized MWD data to evaluate the relationship between production 

degradation and the life length of the bit by using principal component analysis 

(PCA).  
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2.2. Comminution in mining process 
 

For typical hard rock mining, the size reduction process called comminution is 

important to yield a desired material and management of energy consumption. In 

mining industry, comminution process includes a process of blasting, crushing, and 

grinding. The major objective of blasting is to reduce the particle size to ease of 

transportation, and the goal of crushing and milling is to liberate the ore from 

gangue mineral by increasing chance to separate each other [46]. In addition, 

grinding or milling is a process consuming the largest portion of electric energy. 

Mainly three types of comminution circuits has been used in hard rock mines: 1) 

standard crushing and fine grinding, 2) autogenous (AG) / semi-autogenous (SAG) 

mill and fine grinding, and 3) combination of primary crusher, high pressure 

grinding roll (HPGR), and fine grinding [47].  Tumbling mill breaks the rock by 

impact, which is caused by falling grinding media and attrition, which is caused by 

lateral frictions. The size reduction process is not a single process but multiple 

processes, which depends on the size of particles as shown in Table 2. 

Table 2. Boundaries of size for each comminution process [48] 

Size reduction step Upper size Lower size 

Explosive Shattering Infinite 1 mm - 1 m 

Primary Crushing 1 m 100 mm 

Secondary Crushing 100 mm  10 mm 

Tertiary Crushing /  
Coarse Grinding 

10 mm 1 mm 
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Fine Grinding 1 mm 100 μm 

Ultrafine Grinding 100 μm 1 μm 

 

 

2.2.1. Breakage mechanisms 
 

Understanding the mechanisms and interactions of rock breakage is of importance 

to the modeling of the processes. The rock breakage and fragmentation under 

blasting energy is mainly caused by shock wave generation and gas expansion, and 

that of rock breakage under crushing and grinding is caused by compression, impact, 

and shear modes from equipment.  

 

2.2.1.1. Blast fragmentation 

 

In terms of breakage caused by shockwave, two mechanisms primarily influence 

blast fragmentation: one is compressive failure at the vicinity of blasthole, and the 

other is the tensile failure of the rock mass [49]. Two zones can be distinguished by 

varying deformation and destruction of rock with different distance from the 

blasthole: crushing zone and elastic zone.  

In the first zone, the compressive stress exceeds several times the compressive 

strength of the rock, resulting in intense crushing and shattering. Although a typical 

rock material shows elastic behavior in quasi-static loading, they lose their 
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elasticity and completely behave like plastic material. Most of fine particles in the 

fragmentation is generated in this region.  

In the second zone, the wave propagation depends on the peak amplitude of stress 

waves, which is lower than the elastic limit of rock. In general, the fragmentation 

is solely produced by the tangential stress, generating the radial fractures (Figure 5 

a). The radial component, lower than the compressive stress of rock, exerts outward 

and generates the tangential component, and tensile mode. Since the tensile strength 

is far below than compressive stress, only tangential component is effectively 

applied. However, if the free surface exists near blasthole, the reflected wave is 

characterized as tensile mode in radial direction (Figure 5b). This produces 

tangential fracture and demonstrates the better fragmentation with free faces. After 

creation of fractures by dynamic loading with stress wave, the combustion gas 

penetrates into the previous crack and exert a high quasi-static pressure, resulting 

in further fragmentation. The influence of gas expansion largely increases the 

fractured area because the strength and yield limit under lower strain rate (quasi-

static) are lower than the dynamic loading with high strain rate [50]. 
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Figure 5. Generation of micro-cracks by compressive P-wave (a) and  

reflected tensile P-wave (b) [51] 

 

2.2.1.2. Crushing and grinding 

 

The mechanism of size reduction process varies with comminution stages and can 

be categorized with three modes: 

 compression 

 impact 

 shear (abrasion/attrition). 

The mechanism of crushing can be demonstrated by impact and compression and 

less by attrition. In contrast, fine grinding within tubular mills, the size reduction 

commonly depends on the force of attrition [46].  
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Table 3. Summary of comminution equipment, stress mode and strain rate [52] 

Equipment Breakage mode 
Strain rate (m/s) 

[53] 

HPGR Compression Up to 0.1 

Jaw crusher Compression 0.1-1 

Gyratory and cone crusher Compression 0.1-2 

Ball, Rod, AG, SAG mill Impact & abrasion/attrition Up to 15 

Impact crusher Impact 20-200 

 

In compressive breakage, the strain rate of rock is sufficiently low to facilitate the 

stress equilibrium throughout the particle, called quasi-static. Compressive stress 

on particles mostly produces tensile fracture because of low tensile strength 

compared to compressive strength. Due to the difficulty to measure the particle size 

distribution from single particle compression test, multi-particle bed compression 

by measuring specific energy input to size reduction test is more common. As 

shown in Table 3, the compression loading mode is utilized in the primary crushers 

and HPGR. 

The impact mode breaks the rock particles with higher strain rate up to 200 m/s. 

The stress wave propagated in a particle produces the tensile cracks if the intensity 

exceeds its yield limit. Impact mode can be tested with two methods: one is single 

impact by propelling particles against the surface, and the other is double impact 

by loading the particle between the two hard surfaces [53]. 

In abrasion/attrition breakage, the parallel but opposite directional loading creates 

shear cracks. The shear failure by abrasion is not substantial and effective to create 

cracks requiring more energy consumption [54]. This mode is more common on 
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finer particles by using grinding and fine grinding apparatus than crushing. 

Understanding the mechanisms of rock breakage under different process of 

comminution would be useful to establish energy consumption model and 

estimation of particle size at the certain stage. The next section describes the 

specific energy approach to the breakage under comminution devices.   

 

2.2.2. Energy for size reduction 
 

 

A process of size reduction requires substantial amount of energy in mining 

industry. Estimation of energy consumption from observing size reduction and ore 

characteristics is very important to construct comminution system. Griffith [55] 

firstly suggested that the energy required to consume the rock is that the work for 

overcoming a bonding energy of crystalline solid and generating a new surface. The 

fracture of brittle materials takes place if stress generate by an external load reaches 

the molecular tensile strength at least at one point. However, the Griffith’s approach 

cannot quantify the degree of surface area and requires initial length of microcrack 

which is hard to measure in practice.  

The relationship between energy consumption and the size reduction was proposed 

by three well-known theories. Rittinger [56] asserts that the surface area is 

proportional to the energy consumption in size reduction. The surface area can be 

expressed with the reciprocal form of particle diameter as, 
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E = 𝐾 (
1

𝑑2
−

1

𝑑1
) , (4) 

where E= input energy, K= constant for ore characteristic, and d = diameter of 

particle.  

Kick [57] concerns the volumetric change as the key components for energy 

consumption of particle. Large size particles where the surface energy is 

substantially lower than internal energy is valid in the Kick’s assumption [58].  

Bond [59] mentioned that the volume of the particle can absorb the strain energy 

but crack initiation is occurred on the surface of the rock. Thus, the energy 

consumption can be established in the midway between Rittinger [56] and Kick 

[57]. Bond’s third theory is formulated with the inverse of square root of the 

diameter of particle as: 

E = 10 ∙ 𝑊𝑖 (
1

√𝑑2

−
1

√𝑑1

) , (5) 

 

where E= input energy, Wi= constant for ore characteristic or Bond Work Index, 

and d = diameter of particle.  

Hukki [60] suggested the generalized relationship between a comminution energy 

with a particle size reduction as,  

E = 𝑓(𝑑𝑟) = −𝐾𝑑𝑟
−𝑛 , (6) 
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where E = energy consumption, K = unit energy consumption, dr = particle size, 

and n = coefficient related to sensitivity of energy changing. The value of exponent 

n is not a constant but varies with the size of particles, corresponding with each 

comminution law: n=1 for Kick, n=1.5 for Bond, and n=2 for Rittinger’s equation. 

Kick’s law describes reasonably for particle size above 1 cm, Bond’s law is more 

fitted in the range of ball mill and rod mill, and Rittinger’s law can be reasonably 

accurate in the fine grinding which particle size from 10 to 1000 μm [60]. Despite 

over 50 years long and widespread acceptance of Bond’s equation, the modified 

version of equation is necessary as the use of diverse equipment and enhanced 

efficiency compared to Bond’s era. Morell [61] proposed more specified Hukki 

[60]’s n exponent value to estimate a wide range of reduction data and particular 

equipment with following equation:  

𝐸 = 𝑀𝑖𝐾 (𝑑2
𝑓(𝑥2)

− 𝑑1
𝑓(𝑥1)

) , (7) 

 

where Mi = comminution index (kWh/t), K = constant chosen to balance the units 

of the equation, d1, d2 (μm) = 80% passing size of feed and product, respectively. 

The function f(x) is defined as: 

𝑓(𝑥) =  −(𝑎 + 𝑥𝑏) , (8) 

where a,b = constant obtained from a wide range of size reduction data from 

industrial grinding mills, and x = 80% passing size.  
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In addition, in order to describe impact breakage the percentage of 1/10 passing 

size of product (t10) is defined by researchers in JKMRC [62].   

 

2.2.3. Laboratory comminution tests 
 

An estimation of comminution energy can be achieved by various laboratory tests.  

The unit energy consumption of comminution is based on the input energy and 

particle size differences obtained from laboratory test. In general, grindability of 

the ore has been represented by Bond Work Index obtained from laboratory Bond 

grindability test. However since 30 years after Bond’s law was suggested, the 

conventional comminution circuit has been obsolete and the better comminution 

circuits with higher efficiency have been developed such as AG and SAG milling  

[63, 64, 65] or HPGR [66, 67, 68]. In this case, the Bond’s conventional specific 

energy equation is inappropriate for the new types of equipment, thus several other 

types of bench-scale tests were suggested. Table 4 summarize the currently used 

grindability tests and testing conditions.  
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Table 4. Summary of grindability tests [69] 

Application Tests Author 

Top 

size 

Required 

Sample Type 
Output 

steady

-state 

(mm) (kg) name unit (Y/N) 

Blasting/ 

Crushing 

Bond Low-

energy Impact 
Bond, 1947 76.2 25 

Single 

Particle 
Crusher Work Index (CWI) kWh/t N 

         

AG/SAG 

JK Drop-weight 

(DWT) 

Napier-Munn et 

al., 1996 
63 75 

Single 

Particle 
t10 % N 

SMC Test® Morell, 2004 31.5 204 
Single 

Particle 
Drop Weight Index (DWI) 

kWh/m
3 

N 

JK Rotary 

Breakage Test® 
Shi et al., 2009 53 75 

Single 

Particle 
t10 % N 

SAG Design 
Starkey et al., 

2006 
38.1 10 Batch 

the number of revolutions for 80% 

passing 1.7mm 
# N 

SAG power 

index (SPI®) 

Starkey and 

Dobby, 1996 
38.1 10 Batch SAG power index (SPI) kWh/t N 

         

Grinding 
Bond Rod Mill Bond, 1960 12.7 15 

Locked-

cycle 
Rod Work Index (RWI) kWh/t Y 

Bond Ball Mill Bond, 1960 3.35 10 
Locked-

cycle 
Bond Work Index (BWI) kWh/t Y 

         

HPGR 

Lab-scale HPGR 
McKen et al., 

2001 
12.7 400 

Locked-

cycle 

High Pressure grindability Index 

(HPI) 
kWh/t Y 

Static pressure 

test (SPT) 

Bulled & 

Husain, 2008 
19.1 10 

Locked-

cycle 
HPGR Work Index kWh/t Y 
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2.3. Mine-to-Mill optimization 
 

The primary concept of Mine-to-Mill was well defined in the question arisen by Nielsen [51]: 

“How will the primary drilling and blasting influence the costs of the subsequent steps in the 

production process, and how far down the flowsheet will blasting have a significant influence on 

the economic result?” The initiation of this study before the 1980s was to evaluate the blasts and 

comminution by assessing particle size and energy consumption. Cunningham [10] first proposed 

the Kuz-Ram model, which was a widely-used formula to estimate blast fragmentation, and others 

suggested more modified models [70, 71]. In addition, Bond’s third theory [59] has done an 

invaluable job in understanding energy consumption from comminution processes.  

After the 1990s, the first studies linking mining and processing were conducted by various 

researchers and an Australasian mining research group called the Julius Kruttschnitt Mineral 

Research Center (JKMRC). The simulation studies were carried out to find the optimal 

fragmentation for the SAG mill operation [72, 73], and the cost evaluation and estimation for 

benefits of optimum blasting [74, 75, 49, 51]. 

For the last two decades, the link between geology, mining, and processing has been understood 

well and utilized in real operations in terms of cost-saving and enhancing productivity. Due to the 

broad range of the Mine-to-Mill concept, the following specific research topics have been studied 

by focusing a small part of the system [76]:  

 Orebody characteristics and blasting effects 

 Ore tracking along the production chain, 

 Modelling of the impact of ore characteristics on the processing operation, 
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 Modelling of the impact of the nature of run of mine (ROM) ore on the mining practices, 

and 

 Economic optimization. 

This section accounts for the theoretical background of how blasting could influence the following 

downstream process and cost benefits. In addition, the current technologies used for monitoring 

and analyzing the Mine-to-Mill process in the field is briefly introduced. 

 

2.3.1. Blasting effects to comminution processes 
 

Among the various mining processes in hard rock mines, blasting is one of the important stages to 

reduce the particle size to make loading and hauling the materials possible. Since there is not much 

quantitative feedback from blasting performance, the phase of rock breakage by blasting offers 

important information about blast design and types of explosives as well as rock mass 

characteristics. Suitable fragmentation controls can positively influence downstream processes in 

terms of: 

 Reducing boulder and fine problems to increase throughput. 

 Reducing energy consumption of comminution processes by generating micro-cracks. 

 Increasing the efficiency of hauling and loading. 

Then optimum blasting will be achieved when total mining and processing costs have been 

minimized, and it is a key dependent variable for Mine-to-Mill optimization.  

 



41 

 

2.3.1.1. Micro-cracks 

 

Blasting creates numerous small-scale cracks, which have not been developed to wholly fracture; 

so called micro-cracks. The micro-cracks have been considered to be a connection between the 

mine site and mineral processing plant and could be a key factor to control the energy consumption 

of comminution processes. The deterioration of rock strength, caused by blast-induced micro-

cracks, is called preconditioning. Many researches have investigated how much the explosive 

energy provided in given rock sample can reduce the comminution energy. 

Olson et al. [77] first investigated the relationship between the charge of explosive and the density 

of cracks. He observed thin sections from intact core samples and adjacent ground after the blast 

hole shot. The density of micro-cracks measured in 103 cracks per square inch exponentially 

increased with higher explosive charge weight. 

Kim and McCarter [78] examined the effect of shock-induced damage for three types of rock 

materials using the split Hopkinson pressure bar (SHPB). Although they could not observe a 

significant decrease in uniaxial compressive strength between the intact and damaged sample, P-

wave and a damage variable (ω) can be used to assess the degree of damage in the pre-conditioning 

effect of rock materials.  

Nielson [51] carried out the laboratory scale test with taconite and ilmenite to investigate the effect 

of micro-cracks on grindability. He observed increase in grindability with higher explosive energy 

by using PETN and an increase in the number of cracks in the specimen by using a microscope 

with a fluorescence filter.  Michaux and Djordjevic [79] also confirmed a blast-induced pre-

conditioning effect by testing with different amount of PETN and black powder and applying a 
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JKSimMet simulation to observe the increase in throughput of the SAG mill. The test result 

showed that the higher velocity of detonation and explosive weight caused more fracture 

generations and reduction of comminution energy. He also suggested that the induced micro-

cracks can be used to estimate the comminution characteristics of rock. 

 

2.3.1.2. Cost saving 

 

In order to control the comminution process, blasting fragmentation control accomplished by 

changing specific energy would be a better option due to flexibility and lower price. Generally 

speaking, higher explosive energy for blasting will generate finer fragmentation and decrease the 

cost of Run-Of-Mine (ROM) transportation and comminution processes. However, providing 

higher blasting energy does not necessarily mean a better strategy for energy cost reduction [51]. 

In the view of the mine site, higher blasting energy would cause risk in slope stability and other 

safety issues as well as cost increases in blasting and drilling. Additionally, excessive fine particles 

from higher blasting energy could be problematic for downstream processes by reducing grinding 

efficiency or by generating slime. The optimal point to satisfy minimum overall costs within a 

concave shaped graph can be identified from the combination of energy cost trends, as shown in 

Figure 6 [51].  
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Figure 6. The trends of costs and explosive energy for each process and optimum point [51] 

 

Kojovic [74] observed that a 10% increase of powder factor causes $0.65/t in overall cost savings, 

by a $0.05/t increase in drilling and blasting cost, a $0.40/t and $0.30/t cost savings of transporting 

and crushing respectively. Eloranta [75] examined the cost of milling over 100 million tons of ore 

by measuring energy consumption and the particle size of feeds and products. He concluded a 1% 

to 2% of increase in comminution efficiency can be achieved with 15-30% of energy costs with 

drilling and blasting. Kanchibotla [49] investigated the energy consumption of a gold open-pit 

mine and showed the increase of a specific charge from 0.58 to 0.66 kg/m3 led a 12% reduction in 

energy consumption of semi-autogenous grinding (SAG) mill.  
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2.3.2. Methodologies for quantifying Mine-to-Mill performance 
 

The characteristics of the methodology for the implementation of a Mine-to-Mill study is based on 

long-term monitoring, site specific, and numerous parameters considered to consistently control 

i.e. weather condition, geotechnical issues or administrative strategies. In terms of complexity of 

the study, the methodology involves a number of steps as shown in Table 5 [80]. 

 

Table 5. Methodologies for Mine-to-Mill application in the field [80] 

Steps Methodology Tasks 

1 

Characterization and 

definition of 

geometallurgical 

information 

 Understanding of geology of the domain, 

mechanical properties of ore, and 

geotechnical characteristics (e.g. rock mass 

conditions) in the interested region.  

2 
Establishment of 

process constraints 

 Understanding of wall stability, 

environmental issues, ore/waste dilution, 

transportation of ore, power consumption and 

operational condition of installed 

comminution equipment.  

3 
Strategy 

establishment 

 Developing drilling/blasting and defining 

key downstream requirements fitted in each 

domain.  

4 
Modelling and 

simulation 

 Establishment of predictive model 

encompassing mining and processing by 

using proven software and tools.  

 Finding the optimum scenario to maximize 

the overall profit. 



45 

 

5 Implementation 

 Monitoring the operating strategies 

represented as blast design.  

 Establishment of standards, quality 

assurance, and control mechanisms. 

 Long-term implementation and monitoring. 

 

In field study, the uncertainty of measurement inevitably influences the reliability of Mine-to-Mill 

performance. Thus, various measurements and strategies have been developed to overcome an 

uncertainty and to quantify the effects from parameter control, including [1, 81]: 

 Tracking system, 

 Fragmentation monitoring, and 

 Modelling and simulation. 

 

2.3.2.1. Ore tracking system 

 

The ore tracking system is of importance to reduce the uncertainty of integration of the Mine-to-

Mill procedure. A successful Mine-to-Mill study was implemented by focusing  on each domain 

(normally represented as unit blast), flowing from drilling to the comminution circuit. The 

movement of ore assumes that the influx and trajectory of the stockpile is made with first-in & 

first-out and there is no particle segregation or mixing inside of the stockpile [81]. However, the 

mining operation does not always follow the consistent rule, depending on the degree of blending 

or the fluctuation of production rate. Unlike manufacturing, the form of entity, ore from the mine, 

is destroyed through the process, which makes difficult to identify the flow of the entity. In addition, 

the mixture with previous stacks happens in the stockpile.  



46 

 

The objective of an ore tracking system from each domain is to identify the exact location of the 

ore and collect the data at the right timing when the ore passes through the comminution circuit. 

Ore tracking system can be implemented by using: 

 A tag with signal sensor such as RFID (Radio-Frequency Identification) or UHF (Ultra 

High Frequency). 

 An optical instrument such as XRD (X-Ray Diffraction), XRF (X-Ray fluorescence), or 

NIR (Near InfraRed). 

The most commonly used method for ore tracking is the use of RFID sensor. The RFID or UHF 

sensor tag is encapsulated in the durable package and placed in the blasthole or muckpile. The ore 

tag is detected on the conveyor, crusher product, stockpile, and mill feed, providing travel time 

and location of the ore in a specific domain. The providers of the ore tracking system are listed 

below.  

 SmartTagTM  developed by Metso [82, 83] 

 CHASETM by Perceptron [84] 

 OREtraKTM by RF Tags SA [85] 

Ore tracking using spectrometry has the benefit to analyze the composition of ore as well as 

indexing the ore characteristics from drilling and blasting. In terms of understanding ore 

composition, the specific profile determined by XRD/NIR can be used to estimate crushing and 

milling operations, avoid flotation problems, and understand leaching characteristics [86]. For 

example, the Safford Mine located in Arizona, USA is utilizing the XRD/NIR mineralogy for the 

optimization of the blasting and crushing operation [87]. 
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2.3.2.2. Measurement of blast performance 

 

Blasting is considered as a key controllable parameter for the optimization of Mine-to-Mill system. 

Measuring the fragmentation created by blasts and muckpile movements are important to 

implement blast pattern [81] and grade control [88]. Because, unlike mechanical devices, the 

feedback and outcome of a blast can be solely evaluated from the distribution of fragmentation 

and muckpile movement.  

For fragmentation assessment, image analysis techniques have been utilized over 15 years [89]. 

The particle recognized system can be installed on the loading and hauling vehicle and conveyor 

belt from crusher product. The most widely used software are listed as follows: 

 Split system by Split Engineering [90] 

 WipFrag by Wipware [91] 

 Motion Metrics system by Motion Metrics [92] 

For blast movement measurement, the electronic sensors are used to understand the spatial location 

and three-dimensional movement of the rock mass. The BMMTM system supplied by BMT Co. 

[93] enables us to understand where the ore/waste boundary to implement highly controlled 

blasting. The robust markers and signal transmitter are installed inside of the borehole and provide 

an accurate location [94]. 

 

2.3.2.3. Modelling and simulation  
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Based on the measured data from blasting and comminution devices, the computational modelling 

and simulation of each process enables us to estimate future production and to find optimal 

parameters for operation. Basically, blast fragmentation simulation commonly based on the Kuz-

Ram model [10] with fine corrections [95]. Currently, more sophisticated models have been 

suggested due to the dynamic behavior of rock at the vicinity of the blast hole and the uncertainty 

of rock mass conditions. The simulation programs for energy consumption and particle breakage 

modelled in comminution devices use the ore property measured by specific tests e.g. drop weight 

test, SMC test, Bond grindability test, etc. or find the rigorous solution of Newton’s second law 

for the mechanics of particle motion [96]. The simulation involves Finite Element Method (FEM) 

of predictions of solid stress and fracture, Computational Fluid Dynamics (CDF) for predictions 

of fluid flow, and Discrete Element Method (DEM) for particle motions. A more detailed review 

of comminution modelling and simulation is well-described in Powell and Morrison [97]. 

Following is the major blasting and comminution simulation software:  

Blasting 

 JKSimBlast by JKTech [98] 

 Delpot [99] 

 I-blast by DNA blast [100] 

 DBS (Drill & Blast System) by Datavis [101] 

Comminution  

 JKSimMet by JKTech [102] 

 LIMN by David Wiseman Pty Ltd [103] 

 CEET (Comminution Economic Evaluation Tool) developed by Minnovex [104] 
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CHAPTER 3.  

LABORATORY TESTS FOR IDENTIFICATION OF 

ROCK PROPERTIES FROM DRILLING 

PERFORMANCE 
 

This section accounts for the experimental design for the laboratory test. In order to identify rock 

properties from the drilling, drillability test with a small core drill, Brazilian disk test, hardness 

test, and Bond grindability test were carried out. An overall test procedure is shown in Figure 7.  

  

Figure 7. Test Procedure 

 

Instead of using uniaxial compressive strength or specific energy, like in previous drillability 

studies suggested in Chapter 2, this study focused on using PR data to estimate comminution 

characteristics and the author assumes that the comminution characteristics includes the tensile 
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strength and Bond work index (BWI). It is reasonable to use these rock properties for comminution 

characteristics due to following reasons: 

 Tensile strength is a fundamental factor for the initial stages of comminution, such as 

blasting and primary crushing, because of its close relationship with mode I fracture 

toughness [105, 25] 

 BWI has been widely used to estimate the hardness of ores in fine grinding for over 40 

years, and it is considered as an intrinsic material characteristic [106]. 

This laboratory study was carried out based on two conditions. First, the scope of the study focused 

on the result of a single rock type to reduce the uncertainties caused by a wider spectrum of rock 

types in typical open pit mine. Second, only intact-rock properties were considered for estimating 

comminution characteristics, and the effects of rock-mass discontinuities were ignored. This is 

because the target fragmentation size after the crushing and grinding process may be far smaller 

than the typical joint and block size of a rock mass.  
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3.1. Sample preparation 
 

The test process consists of two sequences: the first test was carried out with sandstone sample 

due to its relatively homogeneous characteristic and the availability to select wide range of rock 

sources showing different texture and color, and the second test was followed by using limestone 

from a quarry in northern Arizona. As shown in Table 6, 9 sandstone samples and 11 limestone 

samples were used for the test.  

 

Table 6. Rock types used for the test 

Rock Types Number of samples 

Sandstone 9 

Limestone 11 

 

Sandstone samples are obtained from Arizona Coconino strata that its grain is fine and relatively 

uniform [107] and the hard grey-sandstone was also used for the test.  Limestone samples were 

collected from various spots in the quarry. Sampled rock was once located in the post-blasted 

muckpile. 

 

 

 

 

3.2. Testing methods 
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3.2.1. Brazilian disk test 
 

Brazilian disc test is one of the indirect tests for tensile strength of the rock based on the assumption 

that the crack initiates the point of maximum tensile strength. Following equation was suggested 

by ISRM [108]: 

𝜎𝑡 =
2𝑃

𝜋𝐷𝑡
=

0.636𝑃

𝐷𝑡
, (9) 

 

where σt is the tensile strength (kPa), P is the load at failure (N), D is the diameter of specimen 

(mm), and t is the thickness of specimen (mm). In this study, NX cores (54 mm) with 1-inch height 

specimen section were tested with curved loading jaw as shown in Figure 8. 

 

 

Figure 8. Brazilian disk test 

 

3.2.2. Drillability test 
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The objective of drillability test is to observe Penetration Rate (PR) with drilling parameters and 

to obtain normalized PR. The obtained PR in this test is used as a specific parameter to simulate 

rock properties, utilizing for correlating with the downstream comminution energy. In order to 

determine PR for each rock type, the drillability test was carried out with GCTS Pressure 

Controlled Coring Machine (RCD-250) with a 1-inch core bit, as shown in Figure 9. An acrylic 

frame immobilized the core during the test and water came out to for flushing purpose. A 

displacement of the acrylic frame, bit speed and feed force of the drill bit were measured from 

sensor in every second. By considering the purpose of the test and the small-scale laboratory test 

compared to field application, the author assumes that the indentation-chipping process by the 

diamond particle on core bit can represent the process by the drag/roller type blasthole drill 

typically used in open-pit mine.  
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Figure 9. a) GCTS Pressure Controlled Coring Machine (RCD-250), b) 1-inch drill core used in the test, and 

c) Computer logging system 

 

 

The raw PR data are showing more fluctuated trends at the beginning and the end of the logging 

data as shown in Figure 10. The PR data for the analysis was extracted from the raw data showing 

relatively constant and stable trends with variation of under ±10%.  
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Figure 10. PR variation within a sample 

 

A normalization is applied to eliminate the effect of feed force variation during the test since 

different feed forces are used for testing the rock sample depending on its hardness. For the soft 

rock samples, high feed force generates excessive amount of silicate powders from the bottom hole 

mainly which causes the clogging and slowing down the rotational speed of the drill bit. For the 

hard rock samples, low feed force causes a minute advance of drill bit even lower than a limit of 

calibration. 

This study used the concept of adjusted penetration rate (APR) for normalization [37, 38]. The 

APR considers normalized penetration rate detrended with a reference value based on known feed 

force and rotational pressure as shown in below. 

 

𝐴𝑃𝑅(𝑐𝑚/𝑚𝑖𝑛) =
𝑃𝑅𝑜𝑏𝑠

𝐹𝐹𝑜𝑏𝑠

𝐹𝐹𝑟𝑒𝑓
 √

𝑅𝑃𝑜𝑏𝑠

𝑅𝑃𝑟𝑒𝑓

 , 
(10) 
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where, PRobs is the observed penetration rate (cm/mim), FFobs is the observed feed force (psi), 

FFref is the reference feed force (psi), RPobs is the observed rotational pressure (psi), and RPref is 

the reference rotational pressure.  

The laboratory drilling machine uses electric motor, which power consumption (P, Wh) can be 

described with torque (T, N∙m) and rotational speed (n, rpm) as,  

𝑃 = 𝑇 ∙ 𝑛 (11) 

 

The rotational pressure can be simplified with product of contact area a and torque T, which is 

given by,  

 
𝑅𝑃 = 𝑎 ∙ 𝑇 = 𝑎 ∙

𝑃

𝑛
=

𝑘

𝑛
 (𝑓𝑜𝑟 𝑐𝑜𝑛𝑠𝑡 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑖𝑜𝑛) (12) 

 

According to equation (12), the rotational pressure in equation (10) can be replaced with rotational 

speed as, 

 

𝐴𝑃𝑅 (𝑐𝑚/𝑚𝑖𝑛) =
𝑃𝑅𝑜𝑏𝑠

𝐹𝐹𝑜𝑏𝑠

𝐹𝐹𝑟𝑒𝑓
 √

𝑅𝑆𝑟𝑒𝑓

𝑅𝑆𝑜𝑏𝑠

 , 

(13) 

 

where RS = rotational speed (rpm). Based on calibrated rpm and feed force data, the PR was 

adjusted to reference value of 100 psi of feed force and 430 rpm of rotational speed.  
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 (a) 

 

(b) 

 

Figure 11. a) The relationship between feed force and non-adjusted penetration rate (PR), b) The relationship 

between feed force and adjusted penetration rate (APR) 
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In order to validate the application of APR, a preliminary drillability test was conducted to observe 

PR and APR behavior under different feed force condition. Figure 11a shows a linear relationship 

between feed force and non-adjusted PR. However, after normalizing to APR, the trend of PR is 

stabilized and remains relatively constant with changes in feed force as shown in Figure 11b. 

Therefore, it is evident to believe that APR provides the normalized PR data for universal 

applications in this study. 

 

3.2.3. Bond grindability test 
 

The objective of Bond grindability test is a measure of energy consumption for fine grinding up to 

100 mesh. As shown in Figure 12a, standard laboratory ball mill (30.5cm by 30.5cm of cylindrical 

steel jar with 70 rpm revolution speed) is used to follow a standard procedure to measure Bond 

Work Index (BWI) [109, 110]. The overall process is illustrated in Figure 13. The each period is 

repeated until reaching a steady state to produce overflow based on a certain size of opening sieve. 

In this test, 100 mesh (150 μm) of opening sieve was used. 

 

 

 

Figure 12. (a) Bond laboratory ball mill, (b) Ball media 

(a) (b) 
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Figure 13. The flow of measurement of BWI [109, 110] 

 

The grindability test requires under 6 mesh (3350 μm) crushed rock particles. The failed samples 

by previous tests are used to maintain consistency of sample properties. The samples are crushed 

with manual jaw crusher and screened with #6 sieve as shown in Figure 14. After crushing the 

rock, 700cc of the initial sample are packed into the bucket, and several groups with around 200g 

are created by using separator for the future feeds. 

 

Figure 14. Sample preparation process for grindability test 
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This test uses chrome steel ball and the required ball charges for standard Bond grindability test 

are shown in Table 7 and Figure 12b. The number of the first tumbling is determined in arbitrary 

based on the previous test process value. After the tumbling, the product is sieved with 100 mesh, 

dividing into overflow and underflow. There are arguing about a suitable sieving time, but 10-15 

minutes of sieving is sufficient for limestone and 15-20 minutes for sandstone in this study due to 

high contents of quartz in sandstone particle.  

 

Table 7. Standard ball charges for Bond grindability test 

Size (in) # of ball required 

1.5 43 

1.25 67 

1.0 10 

0.75 71 

0.675 94 

  

Total 285 

 

The screening and grinding cycle were repeated to reach steady state with 250% of a circulating 

load, which can be derived as ratio of the weight of underflow and the weight of overflow. Based 

on net grams production per revolution (Gpr) of the each period, the number of revolution can be 

adjusted to find 250% of a circulation load. Gpr can be derived as,  

 

 

(14) 

 

𝐺𝑝𝑟 =
𝑊𝑢,𝑛𝑒𝑡

𝑛𝑟
=

𝑊𝑢 − 𝑉 ∙ 𝜌𝑏 ∙ 𝑃𝑓

𝑛𝑟
, 
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where Wo = weight of overflow, V = volume of the sample, 𝜌𝑏 = bulk density, Pf = product in feed 

(ratio of underflow and overflow for the feed material), and nr = the number of revolution.   

BWI can be calculated from average Gpr from last three periods after reaching steady state and 

particle size for product and feed by following equation: 

 

 

(15) 

 

where Pi = opening sieve size (150 μm), Gpr = grams reduction per revolution, P80 = 80% passing 

size of product, and F80 = 80% passing size of feed. P80 and F80 can be obtained from Gaudinn-

Schumann distribution curve plotted by sieving with various mesh sizes.  

A part of sandstone samples were tested with different way because of its particle characteristics. 

Author tentatively concluded that a cohesion between the rock particles of the sandstone, which is 

approximately 50-100 mesh, is much smaller than a force required to reduce the particle itself. 

More study will be required to clarify this phenomenon. The discrepancy causes high 

inconsistency of Gpr value during the test, thus this study used Berry and Bruce comparative 

method [111] by using flowing equation: 

 

𝑊𝑟 = 𝑊𝑡 = 𝐵𝑊𝐼𝑟 [
10

√𝑃80 𝑟

−
10

√𝐹80 𝑟

] = 𝐵𝑊𝐼𝑡 [
10

√𝑃80 𝑡

−
10

√𝐹80 𝑡

] 

hence, 

𝐵𝑊𝑖 (𝑘𝑊ℎ/𝑚𝑡) =
49.1

𝑃𝑖
0.23 × 𝐺𝑝𝑟0.82 × (

10

√𝑃80

−
10

√𝐹80

)

 , 
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(16) 

 

where suffix r means referenced material and t means tested material respectively. This 

comparative methods could return reasonable values for the standard test in terms of similar 

particle distribution between reference and tested ore [54, 112, 113]. 2000 grams of the samples 

were tested with this process and BWIs were obtained by comparing reference sample values 

obtained from standard Bond grindability tests. 

 

3.2.4. Leeb hardness test 
 

The Leeb hardness test was performed to see how hardness can be correlated with the drillability. 

The estimation of rock properties like UCS using Leeb hardness tester has been successfully 

performed by several researchers [114, 115]. Thus, the use of Leeb hardness test can be a good 

measure rather than carrying out conventional rock test because of its portable and easy application.  

Leeb hardness test was devised to measure the hardness by using bounded tip against rock surface. 

The instrument used for this test has a piston which moves through a coil and by this movement 

an induced current is generated. As shown in Figure 15, the voltage of the current before impact 

and after impact are measured by the instrument and thus the Leeb Hardness value can be obtained 

as [116, 117]: 

𝐿𝐻𝐼 =
𝑉1

𝑉2
∙ 1000,  (17) 

  𝐵𝑊𝐼𝑡 = 𝐵𝑊𝐼𝑟 ×

[
10

√𝑃80 𝑟

−
10

√𝐹80 𝑟

]

[
10

√𝑃80 𝑡

−
10

√𝐹80 𝑡

]

 , 
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where LHI = Leeb Hardness Index (0~1000), V1 = a voltage generated by bounded tip, V2 = a 

voltage generated by impact tip. 

 

Figure 15. Leeb Hardness tester and testing with rock sample 

 

The test procedure was based on both ASTM A 956-06 “Standard Test Method for Leeb Hardness 

Testing of Steel Products” [118] and ISRM shore hardness testing method suggested by Altindag 

[13]. As shortage of samples was an important limitation in this research, Leeb hardness test was 

a good option of a non-destructive test. Before use as the test, the Leeb Hardness tester should be 

verified by using standard test block. The test specimens have diameter of 2 inches and thickness 

of 1 inch. The specimen condition should be prepared as a flat and undamaged surface, thus the 

surface was ground by under 200-mesh sandpaper and the testing point should avoid cracks and 

discontinuities. The random 30 points were tested on the surface and conduct the same procedure 

on the opposite surface, total 60 times. The average of 60 measures represents the hardness of each 

rock type.  
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3.3. Test Results: correlation between PR and rock properties 
 

The test results from drillability test, Brazilian disc test, hardness test, and Bond grindability test 

are shown in Table 8. Sandstone shows the wider spectrum of tensile strength compared to 

limestone, making prone to understand the trends.  

 

Table 8. Laboratory Test Results 

Rock Type 
# of 

Samples 

Density 

[kg/m3] 

APR 

[cm/min] 

Tensile Strength 

 [MPa] BWI 

[kwh/t] 

Leeb 

Hardness 

Index Avg. St.dev Avg. St.dev 

sandstone 6 2.34 5.30 0.39 6.81 0.85 9.39 692.20 

sandstone 15 2.33 10.02 0.66 5.59 0.68 7.26 618.80 

sandstone 10 2.16 7.48 0.32 5.44 0.96 7.38 606.28 

sandstone 10 2.27 9.01 1.68 5.63 0.95 6.55 666.68 

sandstone 10 2.33 13.43 0.42 5.99 0.54 6.50 679.07 

sandstone 10 2.58 4.11 1.60 15.64 1.98 12.82 767.12 

sandstone 8 2.08 12.69 1.10 3.93 0.43 6.46 466.13 

sandstone 5 2.39 7.34 0.71 5.41 0.47 6.18 631.65 

sandstone 6 2.33 13.71 3.01 3.33 0.46 7.23 527.45 

limestone 4 2.64 4.75 0.29 5.15 0.44 7.60 568.87 

limestone 4 2.63 4.81 0.13 5.89 0.75 8.86 578.67 

limestone 9 2.64 4.74 0.40 5.36 0.58 8.94 583.87 

limestone 9 2.64 4.77 0.30 6.10 0.75 9.43 608.53 

limestone 7 2.62 4.91 0.21 5.02 0.97 8.73 572.20 

limestone 4 2.63 4.91 0.55 5.05 1.03 6.90 578.33 

limestone 6 2.67 4.27 0.37 6.76 0.95 9.02 630.43 

limestone 3 2.66 4.42 0.10 5.27 1.03 8.97 587.20 

limestone 10 2.64 4.76 0.47 5.21 0.81 8.04 555.37 

limestone 5 2.67 3.97 0.21 6.72 0.38 9.67 634.30 

limestone 5 2.71 8.12 0.42 5.16 0.65 7.91 570.57 
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APRs were correlated with the tensile strengths of the rock by using the least-square regression. 

The relationships between APR and the rock properties for sandstone provide a type of best-fit 

regression equation because of variability of rock samples and homogeneity within a sample type. 

Previous drillability studies have revealed that the relationship between PR and rock strength 

parameters commonly satisfies the twin-log concave model or single log exponential model [119, 

120, 121, 122, 9]. Among the various non-linear regression model, power concave model, which 

can be represented as linear model on log-log graph, shows the highest correlation for the tested 

data.  

The best-fit model was found based on the adjusted R2 value and the root mean square error 

(RMSE) for each model. Adjusted R2 considers the number of predictors in the model because 

larger number of samples always results in higher R2 value, which is considered as reasonable for 

this case since the number of dataset for the test is all different. RMSE is a widely used measure 

of the deviation between a predicted model and observed data points, indicating standardized 

errors for models using the same units. The verification of the model was performed with residual, 

a difference between measured value and estimated value, plot analysis. If the model is appropriate 

to represent the datasets, the scattered pattern in residual plot is not following specific trends but 

randomly bounded around zero line. 

 

 

 

3.3.1. Regression model of tensile strength and APR for sandstone 
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The best fit model for 79 data point is plotted with 95% confident interval (CI) and prediction 

interval (PI) line as shown in Figure 16. The equation of the best fit model for log APR and log 

tensile strength is  

 

log 𝐴𝑃𝑅 =  −0.80 log  𝑇𝑆 + 1.55,   (18) 

 

where APR is the adjusted penetration rate (cm/min) and TS stands for tensile strength (MPa). The 

residual plot does not show the specific pattern or trend as shown in Figure 17.  

 

 

Figure 16. Power regression model for tensile strength versus APR 
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Figure 17. Residual plot for tensile strength versus APR 

 

3.3.2. Regression model of BWI and APR for sandstone 
 

The plot of APR as a function of the BWI is shown in Figure 18. Due to lack of the sample and 

large crushed rock is required for BWI experiment, only one data point is matched with an 

averaged APR for each sample type. The regression model of BWI and average APR of sandstone 

samples is  

log 𝐴𝑃𝑅 =  −1.45 log  𝐵𝑊𝐼 + 2.03. (19) 

 

As seen from the figure there are clear trend between BWI and APR even though some data points 

are deviated from the regression model. The residual plot shown in Figure 19 does not follow 

specific trends, which denotes the verification of the model.   
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Figure 18. Power regression model for BWI versus APR 

 

Figure 19. Residual plot for BWI versus APR 

 

3.3.3. Regression model of Leeb Hardness and APR for sandstone 
 

As one of the parameter to represent hardness of rocks, Leeb Hardness Index (LHI) would provide 

good intuition to connect the penetration rate with classifying mining area as hard or soft rock 
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region. The APR and Leeb hardness index was correlated each other, showing following equation 

and given as Figure 20 and Figure 21:  

log 𝐴𝑃𝑅 =  −2.04 log  𝐿𝐻𝐼 + 6.64.    (20) 

 

where LHI stands for Leeb hardness index.  

 

Figure 20. Power regression model for Leeb Hardness Index versus APR 
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Figure 21. Residual plot for Leeb Hardness Index versus APR 

 

 

 

3.3.4. Relationship between rock properties and APR for limestone samples 
 

The statistical models for limestone assume that the regression model between APR and rock 

properties shows same trend, power regression, with sandstone. Figure 22 shows the correlation 

between tensile strength and APR with R2 of 58.3%. Figure 23 and Figure 24 provide regression 

models for BWI versus APR and Leeb hardness index versus APR. Those models explain only 

8.6% and 15.7% of the data points. Based on RMSE values, all the models would provide good 

representation for dataset.  

A sample from specific part of the quarry shows exceptionally higher penetration rate compared 

to others and lower its adjusted R2 value. Since the samples from that area showed similar results 

even from repeated tests, it indicates that the high variation of rock strength exists in the pit. 
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However, the overall trend of linearly decreasing APR could be observed with larger value of the 

rock strength factors.  

 

 

Figure 22. Regression model for tensile strength versus APR for limestone 
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Figure 23. Regression model for BWI versus APR for limestone 

 

 

 

Figure 24. Regression model of Leeb Hardness Index versus APR for limestone 
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3.4. Analysis  
 

 

The graphs without log-log transform, as a form of 𝒀 = 𝒂𝑿𝒌, are summarized in Table 9 showing 

how to change the APR by the rock properties. At first, we found that the best-fit regression line 

for sandstone case is following the power functional family, and assumed that this trend can be 

applicable to the limestone case.  

 

Table 9. Original plots without log-log transform  
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As mentioned in Chapter 2, it is evident that the crack openings in blasting and crushing process 

is closely related to tensile strength of the rock mass. Since the power line increases rapidly near 

lower value of APR, the increasing rate of rock strength would be accelerated in the region where 

the PR of the drill is lower. Therefore, with regard of considering the intact rock without 

discontinuities in rock mass, the lower PR in the field could imply the higher energy consumption 

for blasting and crushing [32]. 

According to graphs illustrated in Table 9, the empirical thresholds to classify rock hardness and 

comminution characteristics are the following: For sandstone, the threshold to classify hard and 

soft rock type based on tensile strength is 5–6 cm/min. The energy required for blasting and 

primary crushing can be expected to significantly increase on the basis of this criterion. Similarly, 

the threshold for limestone is 4–5 cm/min. The threshold can be used to apply different strategy 

on different rock classification determined by its hardness. 

The results of this study is discussed as a small component of the Mine-to-Mill optimization model. 

The specific example of application is presented in Chapter 5.  
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CHAPTER 4.  

FRAGMENTATION ASSESSMENT IN A HARD ROCK 

MINE 
 

 

Rock fragmentation from blasting is of great importance in a hard rock mining operation because 

it directly affects the cost for the rock breakage processes including blasting, crushing, and 

grinding [123]. A poorly controlled blast fragmentation could decrease the productivity of mining 

process and increase production costs because of secondary blasting (or crushing) or excessive 

fine production. However, the blast engineer may easily face the challenge to control the 

fragmentation because of many issues related to blast efficiency including characteristics of rock 

mass, explosive properties, and blast geometry [124]. Therefore, the study to find the interactions 

between blast design and fragmentation can lead to better performance on the blasting works.  

In general, it is reasonable to believe that fragmentation can be a function of the specific energy of 

the blasting under the same external conditions. The chemical energy released from the explosives 

in blastholes is converted into various types of energies such as 1) fragmentation energy for the 

creation of new surface into the rock mass, 2) seismic energy for ground vibration and shock waves, 

3) kinetic energy for transporting the rocks and 4) heat and other energy forms not measured [125]. 

Thus, the higher energy input causes the smaller size of fragmentation, accompanying the high 

risk of fly rock and blast vibration.  

In chapter 4, as a baseline test before hard rock mine, the measurement of blast fragmentation and 

current blast design was conducted in a limestone quarry located in northern Arizona. As a middle-

scale limestone provider, the quarry performs the blasting and crushing of the limestone in the pit 
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and transports it to a nearby cement facility. Currently, the quarry has some problems with blast 

fragmentation: 1) the generation of boulders from blasts which causes the secondary blasting or 

crushing with the hydraulic breaker, and 2) the excessive production of fine particles as the raw 

mill decreases in energy efficiency, especially the high-pressure grinding roll (HPGR) on this site, 

by reducing the compressive pressure between two rolls. Thus, the control of size distribution at 

the blasting stage would be necessary to relieve the issues and enhance the efficiency of the 

comminution process. 

In this study, the size of the blast fragmentation is analyzed based on three blasts with different 

specific energy and blast design. The fragmentation analysis is carried out by using image 

processing, and the evaluation of blast design is based on the on-site measurement and periodic 

report from the blast agency. The rock mass condition is not considered due to limitation of site 

investigation and remains as a future study. 

 

4.1. Analysis of blast design 
 

The analysis of the blast design includes information about the explosives, blasthole drilling 

pattern, detonation pattern, and specific energy per each blast.  

 

4.1.1. Explosives 
 

Blasting operations at the limestone quarry have been using bulk ammonium nitrate fuel oil 

(ANFO) with booster, primer, and a non-electric (Nonel) detonator. The bulk-type ANFO is the 

most widely used in open pit quarries or mining fields. The strength of the explosives can be 
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defined with an energy release from the chemical reaction and relative weight strength (RWS), 

which is relative to explosive strength based on the strength of regular ANFO as 100. The technical 

properties for explosives used in the quarry are summarized in Table 10.  

 

Table 10. Properties of explosive used in the quarry 

Explosives type Bulk ANFO 

Density 0.74 - 1.20 gram/cc 

Unit energy 4.184 MJ/kg 

Relative weight strength  (RWS) 114 

Velocity of detonation (VOD) 4880 m/sec  

Detonation Pressure 33.57 kbar 

 

4.1.2. Blasting pattern 
 

The configuration for blast design can be determined with a burden and spacing ratio, bench height, 

drillhole array, and detonation sequence. Table 11 shows the parameters of the blasting design for 

three blasts conducted May 11, May 13, and May 28, 2015. The quarry utilizes a vertical drill hole 

with a diameter of 5 inches and a depth of 20-35 ft as shown in Figure 25. The drillholes are 

deployed as a squared array, having a designed burden by spacing as 11ft × 11ft or 11ft × 12ft. 

The on-site burden and spacing were measured by laser distance meter to ensure less deviation 

between designed and established blasting pattern. However, the measured burden and spacing are 

inconsistent with the designed one because of the irregular geometry of the blasting area 

(especially in the first row) and drilling errors. The plots of ratio between spacing and burden 

shows rapid decrease and fluctuation, especially in the front rows as described in Figure 26.  
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Table 11. Design parameters for blasting pattern in the quarry 

 11-May 13-May 28-May 

Drillhole array Squared Squared Squared 

Explosives ANFO ANFO ANFO 

Free faces 3 1 2 

#  of Holes 118 120 131 

Hole diameter (in) 5 5 5 

Hole depth (ft) 21 to 36 35 20 to 35 

Density of blasted rock (t/m3) 2.64 2.67 2.71 

Stemming (ft) 9 to 14 8 to 12 8.5 to 12 

Burden & Spacing (ft) 11 × 12 11 × 11 11 × 12 

 

 

Figure 25. Blast design at the quarry 
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Figure 26. The changes in spacing/burden ratio measured on May 11 

 

 

4.1.3. Specific Energy 
 

Maintaining a pertinent level of specific energy for a mining site is essential to reduce the waste 

of blasting energy and to provide a good particle distribution [126]. The specific energy is 

described as the energy consumption from explosives per unit weight as, 

𝐸𝑠𝑒 =
𝐸𝑒𝑥𝑝

𝑉𝑎𝑟𝑒𝑎 × 𝑆. 𝐺
=

𝐸𝑒𝑥𝑝

𝐵 × 𝑆 × 𝐻 × 𝑆. 𝐺
 , (21) 

 

where Ese = specific energy (kcal/t), Eexp = explosive energy per hole (kcal), Varea = volume of 

blasting area (m3), B = burden (m), S = spacing(m), H = bench height (m), and S.G = specific 

gravity (t/m3).  A blast report by agency records the usage of explosives for every blast, which is 

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30 40 50 60

sp
ac

in
g
/b

u
rd

en
  
ra

ti
o

Sample #

Rear Row



80 

 

a data source of explosives energy, and the other factors related to the dimension of the blasting 

area are measured on-site.  

 

 

Figure 27.  Specific energy of limestone and clay component from historical data 

 

The analysis of historical data accounts for the range of the explosive energy for a given field. The 

historical data from 2014 implies that the average specific energy for limestone is 260.3 kcal/t. By 

comparing the other geology types in the quarry, such as clay component, the limestone shows 

relatively lower specific energy as shown in Figure 27. The clay component rarely contains 

fractured due to the genesis of compaction while the strength of failure is far weaker than limestone. 

In this aspect, we can anticipate that the rock mass of limestone is more fractured, thus the gas 

generated from explosives loses its energy by passing through the fractures. 

  

Table 12. Specific energies for three blasting events 
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Volume (m3) 12,427 17,087 15,162 

Total Explosives (kg) 8,134 11,877 11,054 

Specific Charge (kg/t) 0.65 0.70 0.73 

Specific Energy (kcal/t) 248.0 260.3 269.0 

 

The specific energy is calculated from the entire blasted volume of the rock mass instead of using 

the volume for each blasthole calculated from burden, spacing, and bench height due to its 

inconsistency as shown in Figure 26. For the three blasts, the specific charge and energy are shown 

in Table 12. In terms of comparing with the historical data, the specific energies for the blasts 

shows the similar ranges are approximately 260 kcal/t.  

 

4.2. Fragmentation Assessment 
 

The objectives of fragmentation assessment are to obtain a particle distribution curve and find a 

representative value for the blasted material. The fragmentations from three blasts were assessed 

by using image-processing software. The fragmentation assessments were performed in three steps: 

1) a creation of several sub-muckpiles from the blasted material, 2) a collection of images captured 

around each sub-muckpile, and 3) a plotting particle distribution by using an image processing 

analysis. 

 

4.2.1. Methodology 
 

Finding and fabricating the representative muckpile for the image processing is the important 

process for the fragmentation assessment. The unit sub-muckpile was piled with around 3 buckets 
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of loader (40 tonnes) and they were collected from random sites of the whole blasted material to 

represent blast fragmentation as shown in Figure 28a. The loader created the sub-muckpile from 

at least 3 ft below the surface of blasted material due to the generation of larger rocks on the surface 

from stemming area, making the size of fragmentation overestimated [49]. In addition, the large 

boulder, which requires a secondary blasting, does not take into consideration the size distribution 

of blasted material. 4-7 sub-muckpiles were created for image capturing throughout the whole 

blasted materials as listed in Table 13. Approximately 10 to 30 photographs were taken around 

each sub-muckpile as parallel with the normal vector of its surface (Figure 28b) and the set of 

images should cover the whole sub-muckpile. 

 

 

(a) 



83 

 

 

(b) 

Figure 28. (a) Sub-muckpile from blasted material, and (b) perpendicular image capturing against muckpile 

surface 

 

Fragmentation assessment to obtain the size distribution curve was carried out by Split Desktop® 

software [90], which has been widely used in mining practice. The software detects the boundaries 

of two-dimensional fragmentation image comparing the size with a fixed scale. After automated 

and manual delineating, the software shows an overall distribution graph of muckpile 

fragmentation by utilizing the best fit of either a Schumann or Rosin-Rammler equation. The curve 

was obtained from each sub-muckpile and combined to represent the whole blasted material.  

 

Table 13. The data analyzed for fragmentation assessment 

Date Rock Type # of Muckpile # of Photo Analyzed 

11 May 2015 High Limestone 4 69 

13 May 2015 High Limestone 7 193 

28 May 2015 High Limestone 5 135 

 

4.2.2. Fragmentation assessment for three blast events 
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After a sufficient number of digital images are processed on a computer, a size distribution curve 

is derived. The size of fragmentation is assumed to be represented by 80% passing size (P80) and 

the bias of distribution is determined by the shape of the curve. The Rosin-Rammler distribution 

for each sub-muckpile was combined to derive the whole particle distribution for three blasts 

respectively.  

 

4.2.2.1. Blast on May 11th  

 

Five sets of sub-muckpile analysis data were used to create the combined particle distribution as 

shown in Figure 29, calculating 80% passing size as 7.44 in. In this blast, more large boulders were 

generated than other blasting events possibly due to blocky rock mass characteristics.  

 

Size[in] 25 15 10 8 4 1 0.75 0.5 0.25 0.08 

% Passing 100 98.1 90.4 82.7 49.4 12.5 9.4 6.4 3.3 1.2 

 

Figure 29. Particle distribution from blast in May 11 
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4.2.2.2. Blast on May 13 

 

Seven sub-muckpiles were investigated after eliminating the surface rocks from the whole 

muckpile. Figure 30 illustrates the combined size distribution from each sub-muckpile and 80% 

passing size of product was observed as 4.32 in. In general, a blast with more free faces generates 

the better fragmentation result due to the interaction with reflective tensile wave from a free face 

[3]. Although the amount of free surface is only ground surface, the 80% passing size of the 

product shows the lowest value among three blasting observations.  

 

 

 

Size[in] 25 15 10 8 4 1 0.75 0.5 0.25 0.08 

% Passing 100 100 99.3 97.5 76.7 21.9 16.5 11.1 5.7 2.0 

 

Figure 30. Particle distribution from blast in May 13 
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4.2.2.3. Blast on May 28 

 

Fragmentation analysis was carried out for five sub-muckpiles from the blasting. Figure 31 

illustrates the average size distribution from each sub-muckpiles and 80% passing size of product 

is observed as 6.18 in.   

 

Size[in] 25 15 10 8 4 1 0.75 0.5 0.25 0.08 

% Passing 100 99.5 95.7 89.8 57.9 16.3 12.6 8.9 5.1 2.2 

 

Figure 31. Particle distribution from blast in May 28 

 

 

 

 

4.3. Analysis  
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This study investigated the specific energy and blast fragmentation size for the three blasts 

performed in a limestone quarry. In order to investigate the efficiency of the blasting, the 

methodology employed included 1) the characterization of the blasting pattern and specific energy, 

and 2) the assessment of the fragmentation size distribution by using sub-muckpile.  

 

Figure 32. Specific energy and fragmentation size 

 

Figure 32 shows the relationship between specific energy and fragmentation size from the three 

blasts. Although the specific energy for May 28 is the highest, the minimum P80 size was observed 

in the May 13 blast. In addition, the blast on May 11 has only a horizontal face as free face, but it 

shows the best performance in terms of the particle distribution and size. In contrast, the blast on 

May 11 and May 28 shows a relatively large amount of boulder production as well as a greater 

average fragmentation size, even though they have three or two free faces. 

According to the observation, the higher input of explosive energy into the blasting area does not 

necessarily generate smaller particles. A possible reason is the high potential for disturbances 
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caused by characteristics of the rock mass. For example, the rock mass condition for the blast on 

May 11 was observed as poor and damaged due to the inherent fractures or the previous blasts 

(back break). It might provide a negative effect for the blasting because the fractures negate the 

gas expansion from ANFO and create larger particles and boulders.  On the other hand, in the blast 

on May 13, the explanation for the lower P80 requires more studies about how the rock mass 

condition is different with that of other blasts.  

Considering the poor rock mass condition, the author suggests the possible solutions for the evenly 

distributed fragmentation as follows: 

 The use of an emersion-type explosive to generate more shock wave energy rather than the 

gas.  

 The use of a smaller diameter drillhole with reduced burden and spacing to disseminate the 

concentration of the energy source. 

 The transition from a squared drillhole array to a staggered array to maintain the hole 

interval less than the spacing (in squared pattern, the maximum hole interval is equal to 

square root two times spacing) . 

In order to develop a more reliable model for the relationship between the blast design and the 

fragmentation, further study and measurement are required to quantify the parameters affecting 

the quality of blasting such as in-situ rock mass characteristics and the effects of free faces. 
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CHAPTER 5.  

CONCLUSION AND FUTURE WORK 
 

5.1. Conclusion 
 

This thesis performs a pilot study to identify how the rock properties representing comminution 

characteristics could be related with PR in laboratory-scale. The PR data from a laboratory drill 

machine was normalized to reduce the effects of internal drilling parameters using adjusted 

penetration rate (APR). The APR showed successful normalization for laboratory-scale drilling 

tests. The test result from sandstone and limestone indicates that PR could be a proper 

measurement for estimating the blastability, crushability, and grindability of rock. The estimated 

strength from PR measurement gives a good idea to required energy consumption for the 

comminution process. In addition, a field-scale baseline test to investigate the relationship between 

blast design and rock fragmentation was implemented. The methodologies include the 

measurement of the fragmentation by using image processing from the muck pile and the 

calculation of the blast design for obtaining optimal energy consumption. 

The conclusions of the study are summarized as follows: 

1. For sandstone, the APR clearly shows a concave relationship with tensile strength, the Leeb 

hardness index, and BWI. For limestone, even though the data points of the APR are less 

likely to show distinct trends than they are with sandstone, the test results reveal APR’s 

potential to follow a similar trend.  
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2. Rocks with higher tensile strength require more blasting and crushing energy to achieve 

the same level of fragmentation within a single rock type. The test result enables a threshold 

to be set to divide a hard rock zone from a soft rock zone. 

3. In the field blasting survey, a higher specific explosive energy did not necessarily mean a 

smaller or more consistent size distribution in the fragmentation. In order to achieve that, 

the future work should take in to account the additional factors like rock mass condition 

and free faces. 

4. In terms of optimal blasting, an evenly distributed explosive energy is essential to remove 

the excessive fine and boulder products that cause additional costs and operational work 

delays. A smaller drilling diameter, reduced burden and spacing in accordance with the 

reduced hole diameter, and the use of a staggered pattern instead of a squared pattern could 

be helpful to improve the blasting energy distribution.  

 

5.2. Future works 
 

This thesis suggested the baseline laboratory tests and field surveys to be used for future Mine-to-

Mill studies to be carried out in surface mines. The schematic blueprint of the Mine-to-Mill 

optimization is illustrated in Figure 33. 
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Figure 33. The schematic blueprint of the Mine-to-Mill optimization 

 

The ideal Mine-to-Mill model returns the ore-specific optimal fragmentation size to achieve the 

minimum total cost of the rock breakage process. The energy consumption of comminution 

process can be determined from two terms: 1) the difference of sizes from feed and product 

particles, and 2) the rock characteristic obtained from drilling performance. The relationship 

between APR and rock properties like obtained in Chapter 3 can be utilized to represent the 

connection in forms of continuous function or stepwise function, for example, indicating 

hard/medium/soft area on drilling stage. The estimated rock property from the designated function 

can be used to calculate the comminution energy when the given ore is passing through the system. 

The costs of comminution energy for each stage are added up altogether and will be used for the 
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feedback to find target fragmentation. As shown in Chapter 4, if we know the relationship between 

fragmentation size and blast design, the proper blast design parameters would be inferred from the 

target fragmentation size. This process will be iterated to find the optimal fragmentation for the 

specific rock type. Additional monitoring of slope stability and blast vibration can be utilized to 

ensure the safety of the pit by limiting the maximum amount of explosives usage.  

In this context, the next step of the baseline field study conducted in this thesis is to monitor the 

feed size, product size, and energy consumption for each comminution process to construct a 

correlation model. The known relationship between blast design and fragmentation (from previous 

work) will enable control over subtle changes in blast pattern to achieve the optimum 

fragmentation size. One of the challenging parts of Mine-to-Mill studies is the long-term 

monitoring and analysis of the well-controlled external parameters, including stockpile delays and 

blending. To build reliable data to verify the relationships between the factors in Figure 33, 

sufficient time for reaching steady state of the system by experiencing numerous trial-and-error 

processes would be required.  

Furthermore, for this kind of study, it is still unknown how to create more reliable interpretation 

and collection of MWD data. Unlike well-controlled laboratory tests, field-based data acquisition 

should consider the discontinuities of rock masses and intact parts. The future work will involve 

the construction of a statistical model with a representative field PR for intact rock property that a 

machine-learning algorithm might classify with other disturbances. Ultimately, a rigorous 

stochastic or deterministic model will provide the estimated energy consumption for the ore-

specific region, and this will imply the most suitable size of fragmentation (based on the blast 

design) to achieve the minimum comminution energy cost.  
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APPENDIX I – LAB TESTING RESULTS 

i. PR and tensile strength  
 

ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

sandstone SD1 1 433.25 93.23 5.49 5.91 6.67 

sandstone   2 433.32 94.40 5.16 5.45 7.93 

sandstone   3 433.35 93.99 4.40 4.66 6.99 

sandstone   4 433.40 93.28 5.09 5.43 7.65 

sandstone   5 433.50 92.63 5.09 5.48 5.39 

sandstone   6 433.84 93.63 4.64 4.94 6.22 

sandstone SD2 1 432.79 86.74 8.51 9.78 5.08 

sandstone   2 433.02 86.47 8.16 9.40 5.67 

sandstone   3 432.86 85.84 8.57 9.95 4.69 

sandstone   4 432.76 86.06 8.84 10.24 6.57 

sandstone   5 433.11 85.49 8.58 10.00 6.67 

sandstone   6 433.37 86.02 7.68 8.90 5.35 

sandstone   7 433.56 87.05 8.22 9.41 4.85 

sandstone   8 433.60 85.93 8.36 9.68 5.11 

sandstone   9 433.15 86.72 8.27 9.50 5.32 

sandstone   10 433.36 87.64 8.84 10.05 6.67 

sandstone   11 409.00 102.99 10.69 10.65 5.25 

sandstone   12 407.01 111.73 12.73 11.71 4.87 

sandstone   13 408.16 111.95 11.89 10.90 6.56 

sandstone   14 409.23 111.95 11.13 10.19 5.51 

sandstone   15 408.28 114.34 11.07 9.94 5.62 

sandstone SD3 1 431.90 89.96 6.45 7.16 4.80 
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ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

sandstone   2 432.63 87.86 6.13 6.96 4.31 

sandstone   3 432.37 88.55 6.84 7.70 4.31 

sandstone   4 432.75 87.75 6.57 7.46 5.63 

sandstone   5 432.70 87.89 6.42 7.28 5.63 

sandstone   6 432.98 87.63 6.43 7.32 4.45 

sandstone   7 432.82 87.91 6.49 7.36 6.71 

sandstone   8 432.66 87.44 6.93 7.91 6.71 

sandstone   9 432.64 86.90 6.99 8.02 6.81 

sandstone   10 432.97 87.32 6.73 7.68 5.08 

sandstone SD4 1 432.34 88.04 6.07 6.87 7.65 

sandstone   2 432.22 86.94 6.10 7.00 5.01 

sandstone   3 431.96 88.24 6.68 7.55 4.59 

sandstone   4 432.29 89.34 6.55 7.32 4.59 

sandstone   5 432.75 86.43 7.09 8.17 5.49 

sandstone   6 432.04 91.93 9.70 10.53 4.69 

sandstone   7 432.37 91.77 9.54 10.36 6.15 

sandstone   8 432.34 90.82 10.40 11.42 5.39 

sandstone   9 432.64 91.84 9.69 10.52 6.15 

sandstone   10 432.83 91.92 9.57 10.38 6.57 

sandstone SD5 1 431.23 86.62 11.87 13.68 6.57 

sandstone   2 431.62 86.81 11.72 13.48 6.15 

sandstone   3 431.99 86.82 11.52 13.23 5.98 

sandstone   4 431.73 86.81 11.13 12.79 6.15 

sandstone   6 432.08 85.53 11.70 13.65 4.55 

sandstone   7 432.35 86.69 11.22 12.90 6.08 

sandstone   8 431.79 85.83 11.66 13.56 6.08 

sandstone   9 431.85 83.47 11.95 14.28 5.98 

sandstone   10 431.99 84.99 11.34 13.31 6.36 

sandstone SD6 1 433.13 96.19 5.62 5.82 13.11 



95 

 

ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

sandstone   2 433.72 95.26 5.44 5.69 12.10 

sandstone   3 434.01 94.74 5.37 5.64 14.98 

sandstone   4 433.77 94.58 5.43 5.71 15.19 

sandstone   5 434.24 94.56 5.33 5.61 15.47 

sandstone   6 429.93 74.68 1.70 2.28 15.37 

sandstone   7 429.87 73.56 2.19 2.98 15.75 

sandstone   8 430.21 71.96 1.49 2.07 18.49 

sandstone   9 430.18 70.35 1.85 2.63 17.52 

sandstone   10 429.90 69.40 1.88 2.71 18.43 

sandstone SD7 1 406.99 111.59 11.64 10.72 3.99 

sandstone   2 406.95 112.70 13.77 12.56 4.56 

sandstone   3 407.51 112.85 12.76 11.62 3.53 

sandstone   4 407.01 113.07 13.11 11.91 4.08 

sandstone   5 408.39 102.77 13.94 13.92 3.40 

sandstone   6 408.16 109.26 14.48 13.60 3.84 

sandstone   7 408.16 107.92 14.17 13.48 3.47 

sandstone   8 407.57 109.26 14.58 13.71 4.56 

sandstone SD8 1 408.34 110.61 8.23 7.64 4.61 

sandstone   2 407.81 114.19 7.85 7.06 5.51 

sandstone   3 404.96 112.40 9.09 8.34 5.51 

sandstone   4 407.87 114.04 8.33 7.50 5.38 

sandstone   5 406.38 113.03 6.80 6.19 6.06 

sandstone SD9 1 407.81 114.94 11.38 10.17 3.49 

sandstone   2 406.74 114.64 12.50 11.21 3.21 

sandstone   3 409.06 110.16 19.51 18.16 2.54 

sandstone   4 407.54 111.50 13.41 12.35 4.05 

sandstone   5 407.23 105.91 17.91 17.37 3.15 

sandstone   6 407.01 105.23 13.34 13.02 3.56 
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ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

Limestone HL1 1 407.77 110.91 4.56 4.22 4.08 

Limestone   2 408.12 112.33 5.43 4.96 4.87 

Limestone   3 406.95 113.01 5.34 4.86 5.25 

Limestone   4 406.94 112.42 5.25 4.80 4.46 

Limestone HL2 1 401.54 109.74 5.19 4.89 7.11 

Limestone   2 406.99 111.10 5.06 4.68 5.88 

Limestone   3 407.32 111.01 5.07 4.69 5.14 

Limestone   4 406.76 112.15 5.44 4.98 5.44 

Limestone HL3 1 406.38 113.52 5.72 5.18 4.46 

Limestone   2 407.02 114.26 5.34 4.81 5.75 

Limestone   3 406.25 112.40 4.18 3.82 6.30 

Limestone   4 407.12 110.84 4.65 4.31 5.68 

Limestone   5 406.82 119.69 5.93 5.10 5.99 

Limestone   6 407.23 112.15 5.33 4.88 5.14 

Limestone   7 406.80 112.37 5.42 4.96 5.25 

Limestone   8 408.16 110.82 5.14 4.76 4.89 

Limestone   9 407.37 111.81 5.32 4.89 4.76 

Limestone HL4 1 406.94 112.85 5.73 5.22 4.70 

Limestone   2 407.43 110.87 5.07 4.70 6.25 

Limestone   3 407.43 110.91 5.03 4.66 6.12 

Limestone   4 407.94 110.43 4.72 4.39 5.07 

Limestone   5 407.07 112.37 5.18 4.74 5.99 

Limestone   6 407.78 110.64 4.79 4.45 6.61 

Limestone   7 407.34 111.01 5.77 5.34 6.87 

Limestone   8 407.64 111.50 5.21 4.80 6.12 

Limestone   9 407.86 111.38 5.04 4.64 7.18 

Limestone HL5 1 407.43 111.57 5.46 5.03 6.30 

Limestone   2 406.67 114.12 5.20 4.68 4.70 

Limestone   3 407.70 110.57 5.19 4.82 5.00 
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ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

Limestone   4 407.64 110.11 5.22 4.87 3.64 

Limestone   5 406.77 112.01 5.69 5.23 4.39 

Limestone   6 407.59 110.16 5.50 5.13 4.56 

Limestone   7 407.54 109.90 4.97 4.64 6.56 

Limestone HL6 1 397.00 109.89 5.97 5.66 4.02 

Limestone   2 407.90 111.61 4.50 4.14 6.67 

Limestone   3 407.10 110.80 5.11 4.74 4.32 

Limestone   4 406.75 110.38 5.47 5.09 5.20 

Limestone HL7 1 407.13 111.09 4.64 4.29 6.67 

Limestone   2 407.76 111.15 4.13 3.82 6.98 

Limestone   3 408.08 111.19 4.15 3.83 8.27 

Limestone   4 407.58 109.26 4.59 4.31 7.42 

Limestone   5 406.92 112.00 5.31 4.87 5.62 

Limestone   6 406.72 110.86 4.86 4.51 5.62 

Limestone HL8 1 404.28 111.43 4.72 4.37 4.52 

Limestone   2 403.21 110.74 4.64 4.33 6.74 

Limestone   3 408.42 112.25 4.98 4.55 4.56 

Limestone HL9 1 407.02 109.26 5.39 5.07 4.63 

Limestone   2 406.54 112.23 5.85 5.36 5.99 

Limestone   3 408.01 109.73 4.88 4.56 6.19 

Limestone   4 407.39 111.57 6.05 5.57 4.02 

Limestone   5 408.00 108.68 4.92 4.65 4.56 

Limestone   6 407.26 111.34 4.99 4.60 6.19 

Limestone   7 407.76 108.09 5.14 4.89 4.94 

Limestone   8 407.02 112.49 4.40 4.02 4.85 

Limestone   9 407.76 111.15 5.16 4.77 4.46 

Limestone   10 408.86 113.83 4.53 4.08 6.25 

Limestone HL10 1 407.66 109.03 4.14 3.90 6.30 

Limestone   2 408.18 109.71 4.05 3.79 6.50 
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ROCK TYPE INDEX SAMPLE# BIT SPEED(rpm) FORCE(lb/in2) PR(cm/min) APR (cm/min) TS (Mpa) 

Limestone   3 403.52 111.74 4.47 4.13 7.29 

Limestone   4 407.70 111.88 4.67 4.29 7.04 

Limestone   5 408.02 110.04 4.02 3.75 6.50 

Limestone HL11 1 395.54 114.86 9.75 8.85 6.12 

Limestone   2 407.63 114.75 9.16 8.20 5.62 

Limestone   3 408.45 114.64 9.02 8.08 4.22 

Limestone   4 408.34 114.41 8.43 7.56 4.94 

Limestone   5 408.50 113.52 8.76 7.92 4.89 
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ii. Hardness test 
 

Sample# Suffix 
Frontside Backside 

Average 
1 2 3 4 5 1 2 3 4 5 

Sandstone 1 
SD1 HD1 668 684 653 680 684 690 699 670 684 673 678.5 

SD1 HD2 739 741 730 696 755 698 659 680 678 683 705.9 

Sandstone 2 

SD2 HD1 605 611 618 599 587 574 597 585 581 616 597.3 

SD2 HD2 631 633 596 634 631 640 599 597 627 610 619.8 

SD2 HD3 589 614 577 602 606 597 570 610 607 566 593.8 

SD2 HD4 609 605 624 622 634 631 646 666 653 635 632.5 

5D HD5 671 613 654 607 660 653 662 656 650 680 650.6 

Sandstone 3 

SD3 HD1 541 565 558 532 564 582 561 528 538 578 554.7 

SD3 HD2 587 570 544 583 548 536 538 569 571 563 560.9 

SD3 HD3 539 563 526 550 543 539 535 542 504 565 540.6 

Sandstone 4 

SD4 HD1 584 604 603 588 588 600 625 608 587 603 599 

SD4 HD2 603 580 630 676 634 533 583 602 602 580 602.3 

SD4 HD3 558 576 597 560 549 598 623 625 629 595 591 

Sandstone 5 

SD5 HD1 519 504 515 504 503 532 531 544 509 557 521.8 

SD5 HD2 551 518 541 507 529 523 537 514 530 527 527.7 

SD5 HD3 495 541 542 487 470 529 559 523 545 546 523.7 

Sandstone 6 

SD6 HD1 767 765 763 772 767 756 768 786 768 807 771.9 

SD6 HD2 780 765 782 767 776 770 803 773 789 780 778.5 

SD6 HD3 756 762 751 781 754 751 768 800 772 782 767.7 

SD6 HD4 766 784 790 782 758 763 764 776 713 768 766.4 

SD6 HD5 787 755 778 770 751 773 762 714 671 753 751.4 

SD6 HD6 772 788 754 784 749 782 750 755 764 770 766.8 

Sandstone 7 
SD7 HD1 546 551 477 545 538 511 431 490 464 436 498.9 

SD7 HD2 466 459 512 477 508 478 496 477 487 503 486.3 
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SD7 HD3 451 419 423 452 483 376 346 399 382 401 413.2 

Sandstone 8 
SD8 HD1 644 607 633 617 624 650 643 633 630 646 632.7 

SD8 HD2 641 646 632 612 678 623 631 618 612 613 630.6 

Sandstone 9 
SD9 HD1 524 507 507 515 506 525 528 529 558 558 525.7 

SD9 HD2 552 538 535 519 539 518 516 534 515 526 529.2 

 

Sample# Suffix 
Frontside Backside 

Average 
1 2 3 4 5 1 2 3 4 5 

Limestone 1 

D 567 566 584 538 578 594 593 571 582 564 573.7 

B 529 577 546 607 562 589 565 544 549 543 561.1 

C 573 565 579 573 581 585 562 539 577 584 571.8 

Limestone 2 

B 600 576 573 595 551 596 574 595 595 614 586.9 

C 569 535 575 578 580 593 588 600 594 586 579.8 

D 524 591 555 609 534 592 572 568 581 567 569.3 

Limestone 3 

H 576 586 559 579 584 583 580 588 608 558 580.1 

F 616 617 609 614 609 561 575 595 565 590 595.1 

I 587 584 595 585 547 568 577 569 583 569 576.4 

Limestone 4 

C 613 626 614 621 626 599 601 612 597 593 610.2 

D 631 608 619 610 610 597 613 587 601 604 608 

B 600 599 597 596 611 615 612 616 612 616 607.4 

Limestone 5 

D 555 513 560 542 561 562 575 573 588 570 559.9 

E 588 593 567 549 590 601 595 608 507 601 579.9 

F 572 582 577 577 572 578 573 590 560 587 576.8 

Limestone 6 

D 547 531 551 550 541 512 518 500 514 519 528.3 

A 568 569 584 563 567 567 568 569 561 557 567.3 

B 619 627 639 633 643 639 641 656 652 645 639.4 

Limestone 7 
F 643 639 633 642 620 623 623 625 619 614 628.1 

A 651 645 631 643 644 613 631 619 627 610 631.4 
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B 632 631 633 617 622 634 640 631 651 627 631.8 

Limestone 8 

C 590 614 583 591 606 597 613 612 636 613 605.5 

A 585 611 590 603 612 621 596 606 622 593 603.9 

B 627 611 617 85 604 571 601 605 612 589 552.2 

Limestone 9 

A 549 543 578 585 577 578 547 549 580 548 563.4 

C 549 575 559 543 566 563 603 537 565 533 559.3 

E 591 576 619 577 211 590 560 566 555 589 543.4 

Limestone 10 

B 633 638 637 627 637 625 632 636 638 629 633.2 

C 630 618 625 622 629 629 652 644 645 641 633.5 

E 629 635 636 612 614 654 630 646 662 644 636.2 

Limestone 11 

B 576 569 579 568 579 564 560 561 556 587 569.9 

C 559 554 549 559 587 545 549 576 553 532 556.3 

E 562 565 583 612 592 581 585 576 590 609 585.5 
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APPENDIX II – BWI TEST SHEET EXAMPLES 
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APPENDIX III – FRAGMENTATION ASSESSMENT 
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