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EXECUTIVE SUMMARY 

Single particle impact breakage experiments provide essential data to aid in the fundamental 

understanding of rock fracture in comminution. Such experiments, conducted using devices 

such as the drop weight tester, split Hopkinson bars and more recently the rotary breakage 

tester, have been successfully used to characterize ore breakage properties in relation to 

measured fracture energies. Current theoretical understanding of impact breakage is that there 

are three important energy regimes to the process. Below a certain energy value, Eo, breakage 

will never occur for an infinite number of impacts. Second is an intermediate energy zone for 

which breakage occurs after a number of consecutive impacts and after a critical energy value, 

Ecrit, is a regime where breakage typically occurs for a single impact. 

This work was therefore undertaken in order to identify the energy values described for impact 

breakage of a chosen homogenous ore and a conventional mining gold ore. Drop weight tests 

on gold ore were used to calculate A and b hardness parameters using both the standard JK 

breakage model and the modified Shi-Kojovic model. The A x b values with the modified model 

gave consistently higher values than the standard model, typically increasing by 2-5%. 

Split Hopkinson pressure bars were used to establish the ultimate compressive stress of blue 

stone through single impact breakage tests and the fraction of impact energy utilized to cause 

particle fracture. From these tests it was noted that less than 50% of available impact energy 

was utilized to cause fracture, with cylindrical specimens absorbing the highest fraction of 43%. 

The rotary breakage tester was used to conduct incremental breakage experiments with blue 

stone and gold ore. The probability to breakage at the impact energies tested was found to 

remain relatively consistent over consecutive impacts. This showed that a model could be fitted 

between the cumulative probability to breakage and the number of impacts at these energy 

levels. The values of Eo for blue stone and gold ore were calculated to be 0.0464 and 0.00366 

respectively. Ecrit for 90% probability to first impact breakage for these two ores was 0.344 and 

0.281 respectively. It was found that incremental breakage was much more inefficient than 

single impact breakage. From tests with both split Hopkinson pressure bars and the rotary 

breakage tester, breakage degrees for single impacts increased rapidly with increase in 

breakage energy whilst the breakage degrees obtained from incremental breakage tests for 

similar amounts of energy expended remained low. 
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CHAPTER 1: Introduction 

CHAPTER 1 

INTRODUCTON 

1.1 BACKGROUND AND HYPOTHESES 

Impact breakage has been identified to be the most elementarY size reduction 

mechanism in comminution devices{13,43}, Machines such as crushers, mills and 

grinding rolls are understood to cause ore breakage via impact, abrasion and 

attrition, but of these impact breakage is known to be the most effective process{14}, A 

great deal of research has thus been devoted toward understanding particle fracture 

at a fundamental level, which has led to a number of devices being devised to 

conduct standard breakage characterization tests, Impact breakage has been 

described to occur by two common means{2}, In the first instance, the material to be 

broken is struck by a rigid object, while the second involves the material being 

launched against a static target. 

Ore breakage has been interpreted using approaches based on both fracture 

mechanics and conventional engineering load analysis{7,11,38,39}, From fracture 

mechanics it has been put forward that compressive impact breakage results from 

loading forces causing weaknesses in the material microstructure to act as sites for 

stress concentrations, Following a material specific stress intensity abOut these flaws, 

crack initiation, propagation and eventual failure occurs{49}, Further work has 

suggested that 'preferential breakage', or a tendency for materials to fracture along 

weaker grains of the ore composition, may also occur{14}, Engineering load analysis 

describes fracture from a macro structure perspective in terms of strengths known as 

yield stress and ultimate tensile stress, which govern the maximum loads specific 

materials can be subjected to before irreversible inelastic deformation and complete 

fracture respectively occur{20}, 

Although both approaches describe impact breakage in terms of load, because 

comminution research is primarily concerned with the energy expended to cause 

particle size reduction, breakage theory in this field is defined in terms of 

relationships between energy utilization and breakage degree by size{36}, The main 

challenges of this approach have been quantifying the energy consumption of impact 
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CHAPTER 1: Introduction 

breakage and defining standard parameters to accurately describe the overall 

process. 

The discrete element method (OEM) has proven particularly valuable as a 

computational tool to simulate the energy spectra and collisions of particles in a 

milling environment{34.35}. With this method individual particles are assigned stiffness 

parameters and interact using Newtonian equations to calculate their position and 

trajectories. Impact interactions are then described by spring and dashpot particle 

mechanics to provide calculations for energy losses to direct impact and shear 

against other particles as well as the internal mill surface and liners{1}. After such data 

is validated through experimental measurement, results from such computational 

calculations can be used as a reasonable estimate of energy utilization in machines 

where direct measurement is not feasible{12}. 

Typically, OEM simulations provide frequencies or the number of occurrences of 

interactions at particular energy values. Over a variety of milling conditions the noted 

trend has been that a small minority in the region of less than 15 percent of impacts 

occur at energies expected to cause fracture, whilst the remainder occur at lower 

energies{25}. Based on this result it has been inferred that the greater influence behind 

impact breakage in mills is successive weakening of particles over several impacts, 

or incremental breakage, as opposed to resulting from solitary impacts at high 

forces{41}. 

An interpretation of particle breakage by impact has been put forward that the 

process occurs over three distinct regimes, separated by two defined parameters{25}. 

For a given particle size, below a certain minimum specific energy, termed Eo or 

Wmin , is a region in which breakage never occurs even for infinite impacts, as 

interactions at this energy level are insufficient to weaken the particle 

microstructure{52}. Following this is an intermediate regime for which a number of 

consecutive impacts gradually cause crack initiation and particle weakening until a 

final impact leads to complete fracture. The number of impacts required to cause 

fracture decreases with increase in energy until a critical value known as Ecrit, defined 

in terms of particle breakage probability, at which energy a solitary impact is sufficient 

to cause breakage. Following this is the final regime in which single impacts are 

expected to cause immediate particle fracture. 

University of Cape Town - Centre for Minerals Research 2 



CHAPTER 1: Introduction 

Prior work by Whyte on incremental breakage has been carried out using drop weight 

tests, where it has been found that the value of Eo may be size dependent and 

decrease marginally with each successive impact due to progressive particle 

weakening{50,56}. Drop weight tests have been commonly used for impact breakage 

research, which provide measurement of available potential energy to relate to 

subsequent product size. However, the energy range for which the machine is suited 

falls well outside the region of interest for incremental breakage, its operating 

minimum usually well higher than Ecrit for most sizes. 

Many other breakage devices have been used in the past to study particle fracture. 

Split Hopkinson pressure bars allow for accurate measurement of the force-time 

response of specimens at high strain rates{28}. In addition to this, the device allows for 

calculation of both the available input energy and the amount of this that is absorbed 

by a particle under impact. In recent research the rotary breakage tester (RBT), a 

device designed at the Julius Kruttschnitt Minerals Research Centre (JKMRC), has 

been commissioned. This permits for rapid breakage experiments over wide energy 

ranges typically estimated to occur in comminution devices{46}. Results of such 

experiments have already been used to extend and validate current breakage 

models{44}, and its success in carrying out a wide range of breakage experiments 

suggests that it may become a standard device to further breakage research. 

Most experimental work with these devices has been conducted at very high 

energies in order to characterize the single impact breakage properties of particular 

materials. Little work has been devoted to understanding incremental breakage, or 

comparing the energy expended in breakage over several impacts against that of 

single impacts. It is also worth noting that comparisons between the breakage data 

obtained from different devices have not been previously investigated. As such, this 

thesis has been put forward in order to investigate two primary hypotheses: 

Hypotheses 

• For a given material, values of Eo and Ecrit exist and can be measured 

• Single impact breakage is more efficient than incremental breakage 

For this work, a number of objectives have been put forward which address these 

hypotheses as well as several noted aspects of ore impact breakage that require 

investigation. These will now be briefly discussed. 
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CHAPTER 1: Introduction 

1.2 OBJECTIVES AND SCOPE 

This study will investigate several aspects of impact breakage by addressing the 

following objectives: 

~ To use experimental data to calculate the values of Eo and Ecrit for a chosen 

ore type. 

~ To determine and compare breakage energy/product size relationships 

across different devices. 

~ To compare the efficiency of single impact breakage against incremental 

breakage. 

The drop weight test, split Hopkinson pressure bars and the rotary breakage tester 

are the three breakage devices chosen for this project. The drop weight test will be 

used to model the standard breakage degree by energy relationship and observe 

how it differs with particle size. Experiments using Hopkinson bars will be used to 

calculate strength parameters of ore and investigate the effects of impulse and 

loading geometry on the amount of energy absorbed by particles to cause breakage. 

Finally, tests with the rotary breakage tester will be used to determine particle 

breakage probabilities at energies between Eo and Ecrit. For the purpose of this work 

Eo will be calculated from fitting incremental breakage data to a breakage model, 

while Ecrit will be defined as the energy calculated for a 90% probability of breakage. 

Breakage degree will be quantified by the t10 breakage parameter. 

The scope of this study will be limited to particle fracture by impact breakage. It has 

been considered that this mechanism of breakage is the most useful in identifying 

breakage patterns for comminution models{43}. The work in this thesis is thus meant 

to provide an overview of impact breakage comparisons, as opposed to a rigorous 

quantitative comparison. It is expected that this work will form the basis for future 

studies in this area. 

A commonly found road aggregate has been selected as the primary test material for 

this work. Although conditioned particles from milling are mainly used as test 

specimens in order to negate the influence of rock geometry, angular specimens are 

also used for comparison. 
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CHAPTER 1: Introduction 

Where possible, energies at which experiments are conducted are chosen from 

standard values, while tests at energies found to be below Ecrit are selected based on 

results from OEM. For the RBT, these energy values are chosen to be reproducible 

and shown for an energy value to be repeatable. 

1.3 PLAN OF DEVELOPMENT 

CHAPTER 1: This chapter provides a background to the thesis, which leads into the 

hypotheses and objectives of the study. 

CHAPTER 2: This chapter briefly reviews the history of comminution research, 

discusses breakage theory and modeling, and in addition reviews several devices 

used for impact breakage experiments. 

CHAPTER 3: A summary of ore types selected for this study, their mineralogy and 

sample preparation for the experimental work is given here. Tests with each 

breakage device are then explained and listed together with their individual 

experimental procedures. 

CHAPTER 4: This Chapter discusses the theory behind the drop weight test method, 

which is followed by results and analyses of experiments conducted with this device. 

CHAPTER 5: The Split Hopkinson pressure bar apparatus and theory is described 

and explained, after which results and analysis of the breakage data obtained is 

provided. 

CHAPTER 6: A discussion of the technique and theory for the rotary breakage tester 

is found in this Chapter. Breakage data obtained from these experiments is then 

reviewed. 

CHAPTER 7: This Chapter provides a summary of the breakage results from each 

device. Correlation in breakage data across the three devices is then discussed. 

CHAPTER 8: Conclusions based on work from this thesis are provided, and 

recommendations for future experiments are listed. 
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CHAPTER 2: Literature Review 

CHAPTER 2 

LITERATURE REVIEW 

Overview 
This chapter presents a review of material relevant to the thesis. Theoretical 
descriptions of breakage and their adaptations to form comminution breakage 
equations are explained. Experimental techniques developed to test impact breakage 
are also reviewed, along with some of the breakage models that have then been put 
forward. 

2.1 BRIEF HISTORY OF COMMINUTION RESEARCH 

Integrated into the operation of any minerals processing circuit is the size reduction 

of extracted ore, or comminution stage. Devices such as crushers, mills and grinding 

rolls typically account for about half the energy expended by modern pi ants{37} , and 

have even been stated to take up to 70% in some circuits{21}. From the standpoint of 

both capital saving and power conservation, reducing or optimizing the energy 

requirements of this stage is therefore most beneficial. To this end, the drive in 

comminution research has mainly been to understand the causatives behind ore 

breakage{2,3.43} . 

Numerous studies have been conducted over the years concerning breakage in 

comminution machines{4,18,23,40}. Considering the tumbling mill (pictured in Figure 2.1), 

likely the most common industrial comminution device, the broad consensus reached 

is that particle size reduction occurs via three basic mechanisms{37): 

~ Impact breakage - Which may take place in the form of single particle 

fracture or bed breakage. This would be primarily from cataracting charge 

falling at the base or toe in a mill, while in machines like grinding rolls this 

would involve beds of ore compacting against the action of rollers. 

~ Abrasion - Material grinding against itself results in surface damage, 

gradually wearing it down and reducing it in size, which is characteristic of ore 

behaviour at the base of mills. 

University of Cape Town - Centre for Minerals Research 6 



CHAPTER 2: Literature Review 

r Attrition - When larger rock crushes against smaller pebbles, the tinier 

particles tend to grind down to finer sizes, a process which typically occurs at 

a faster rate than similar size material abrading against itself. 

Figure 2.1' Tumbling mill in a comminution Circuit 

Concepts from rock mechanics research have been used to deal with interpreting the 

roles these three mechanisms piay as breakage circuits Decome larger and more 

complex. Many well documented theories describing energy versus breakage size 

distributions have been put forward over the years!" 01, which have been extensively 

re~ned and modi~ed to SUit modern circuits!""''';), While these relationships are useful 

in the design and operation of comminution equipment, they do not provide useful 

information to the fundamental understanding of the process of fracture. 

As given by Klaus Schonert,4J1, the definition of comminution fundamentals is: 

" ... usually understood to deal with aspects of particle breakage including fracture 

physics, deformation and breakage of particles under con/rolled stressing, 

intet1erence of particles stressed in a layer or bed. the properties of the created 

surface and so 00.' 
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Given that the field encapsulates such a broad spectrum, describing a fundamental 

relationship for overall particle breakage in comminution has thus proven difficult. As 

such, since impact breakage represents the simplest form of size reduction in this 

regard, fundamental theories of ore fracture have focused on describing this 

mechanism{13} . 

2.2 THEORIES OF IMPACT BREAKAGE 

Impact breakage is one of the principal size reduction mechanisms in 

comminution{29}, thus a great deal of research has been devoted to understanding 

this process. Impact breakage is defined to occur through either material struck by a 

rigid object or material launched against a static target{2}. Work in this area has 

traditionally considered both a macroscopic view of breakage through classic rock 

mechanics or process engineering approaches, and micro scale analyses of particle 

response using fracture physics or continuum damage mechaniCs. These two 

perspectives will now be highlighted further. 

Rock mechanics 

Conventional engineering describes uniaxial loading using the stressistrain curve to 

define the material specific elongation (strain) of a material under for6e per unit area 

(stress){20), a generic example of which is illustrated in Figure 2.2. Although both 

tensile and compressive behaviour can be described using the same idealized graph, 

it is the tensile properties of a material that govern its strength onder load, and 

traditionally parameters such as yield stress, Young's modulus; Ultimate tensile 

stress and Poisson's ratio are used as comparative measures of hiaterial strength 

properties{37} . 
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o Strain 

Figure 2.2: Simplified example of an Brlgineering Stress vs. Strain curve 

Under compressive luading, region OA depicts the elastic region for which stress is 

directly proportional to strain by a constant ratio known as the Young's modulus, a 

measure uf material elasticily_ Metals, being typically ductile in nature, tend to have 

lower values as their microstructure lends toward elastic deformation under load, 

whereas rocks typically exhibit Drittle behaviour an(! thus have higher moduli. As the 

stress intensifies the material reaches th€ stress value at A known as the Yield 

stress, after which it enters a region of plastic deformation AB, whei'bby the material, 

although nut having fractured, deforms jrreversi~y and does not return to its original 

microstructure when the load is removed. His region extends for a brief or longer 

period dependent on the material until the criUcal stress value at poin: 8, the Ultimate 

Compressive Stress (UCS) which is the maximum stress a materta l can undergu 

before complete failure Another cOITIITKlnly qllUled value uf interest Is Poisson's ratiu 

which is a ratio of the longitudinal strain or displacement to the transverse strain tu 

indicate the tendency uf the material tu displace in the direction of the load ex shear 

under stress. Table 2,1 shows expected ranges uf these values for mining ores, 

established from standardized slow compression ruck mechanics tests of cylindrical 

speCimens, 

Table 2,1, Typical ranges of engineering strength parameters for mining ores!",1 

Ultimate CompreSSive Stress (MPaj 
Young's Modulus (GPal 

Poisson's Ratio 

50-45') 
10-70 

0,08-0,45 
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Fracture mechanics 

The discipline of Linear Elastic Fracture Mechanics (LEFM) has arisen as a 

combinatioo of fracture physics and cootinuum damage roochanicsi37} From 

conventional engineering fracture testsW) it is already krown thai cracks and rotches 

in materials act as stress raisers and for LEFM, an assumptiOil is mooe that the 

stress at the edge of every crack can be represented as a mtJiiple of a stress 

intensity factor K. 

G G 

( 

icoG>Gy 

Figll"e 2.3: Simplified illustration of how stress intef1sity at a micro-cmck under toad 

leads to fLliher crack propagation 

For every material there exists a critical stress Intensity factor det<ignated K,:, at 

which a given load wltl exceed the material's fracture strength and c~use the crack to 

propagate as shown in Figure 2 3, teading to eventual failure. This value of K'G, also 

known as fracture toughness. is used as a measure of the rock's resistance to 

weakening, or hardness, and is established through standardized rock mechanics 

tenslte load testing, known as mode I fracture"". 

Mechanics of solids and continuum mechanics are fll"ther used to describe and 

predict partide interactiOils and weakening from crack inception unti l failure, Using 

mathematics derived from Hertzian theories of elastic contact, such models have 
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been used to define fracture strengths artd breakage probabilities for both sJngle 

impact fracture artd breakage over successive impactsf'O,,,,,, ,,), 

The force-compression profile from such mathematical modeling is seen to be Similar 

10 that from engineering considerations, as shown in Figure 2A Which shows the 

profile of a typical experimental test compared with its damage mechanics model 

(Equations 1-3 in diagram) artd a Hertlian model (given by EquatiC'n 1 in diagram) 

with a constant stiffness coefficient 

180,-----.-----,------r---r-, 
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Figure 2.4: Force vs Compression profile obtained from damsge mechanlCS 

modeling of breakage''') 

Damage mechanics can therefore be used to quantify likely stresses in irregular 

shaped bodies under load where measurement is not possible, For this, a further 

assumption is made that unslable crack propagation is dictated oy lhe so called 

'Griffith criterion'!<) which states that for a crack to move throllO]h a structure the rate 

of energy release in the particle must be greater than the material's crack resistance, 
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a parameter calculated from its fracture energy. This available excssS strain energy 

then drives the crack through two stages of failure. The first stage Covers the period 

or energy expended from first impact to initial fracture. The second stage follows as 

the remaining or released energy that determines kinetic movement of particles, 

sound, and further breakage of progeny partides{51}. 

2.3 APPLICATION OF IMPACT BREAKAGE RESEARCH TO 

COMMINUTION 

In order to apply information from the aforementioned analyses of breakage to 

comminution, several assumptions have had to be employed. Primarliy because the 

main concern in this field is the energy expended to reduce partiCles to particular 

sizes, the most quoted values for measures of impact rock hardness and load 

response relate to measurements or predictions of these. Impact breakage research 

in comminution is then based on interpreting the power draw of a particular device 

and understanding the mechanics by which the energy transfer is Used to achieve 

breakage{54} . 

An example of this is the standard ore hardness characterizatioh parameter, the 

Bond work indei8}. The Bond work index is formally defined as the. poWer required to 

reduce a material from a theoretically infinite size to 80% by masS of the original 

material passing through a screen of size matching the desired product size (75-

150pm range). Thus by this method, the rate of energy input is proportional to the 

feed and product size of an ore by a constant named its work index; and this can be 

related to the feed and product size by the relationship in Equation 2,1. 

Where 

W - Work input (kWh/t) 

~ - Bond work index (kWh/t) 

P8il- size at which 80% of the product passes (pm ) 

F8il - size at which 80% of the feed passes (pm ) 

Equation 2.1 
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The power of rod and ball mills calculated from Bond grindability tests has been 

found to correlate well using this relationship, and other relationships have been 

introduced to calculate the indices under other conditions{37}. 

Limitations of the method include the constraint that the slope of the feed and product 

size distributions must be approximately parallel otherwise taking a single point 

description would be inaccurate. Further, it has been found that Bond's equation 

does not hold over the size range -100 + 0.1 mm{36}. 

As a measure of rock strength, this index has been found to relate broadly with the 

UCS (see Section 2.2) as shown in Table 2.2, although because different methods 

are employed to calculate either of these parameters, they are poor predictors of 

each other. Work indices for various modes of breakage are established through 

standardized experiments. 

Table 2.2: Relationship between Work Index and UCS{37} 

Property Soft Medium Hard Very Hard 

UCS (Mpa) 50-100 100-150 150-250 +250 

Work Index 7-9 9-14 14-20 +2() 

A number of parameters have been introduced to describe various fracture 

characteristics of ores. Based on work by Tavares and King{49}, particle strength, 

particle stiffness, and particle fracture energy are measures that Cah be applied to 

impact breakage. Particle strength is derived from the ultimate tensile strength as the 

maximum stress a particle can withstand to failure. As stress is defined as force per 

unit cross sectional area, particle strength (0;,) is thus taken to be the force to failure 

( F:) divided by a nominal amount of the particle cross section Whose diameter is 

given by the geometric mean size or distance between loadihg points (dp ). A 

simplified equation for this is shown in Equation 2.2. 

Equation 2.2 

Particle stiffness (kp ) is derived from Hertzain elastic contact{16} to give a theoretical 

estimate of the force deformation relationship for an idealized spherical particle, 
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which is useful to modelling. It has been found to show similaiity to fracture 

toughness and can be roughly calculated through Equation 2.3 below, where Yb is 

the Young's modulus of the material and f.1b is its Poisson's ratio. 

Equation 2.3 

Particle fracture energy (Ef ), or the total energy absorbed by a particle under 

impact until first fracture, is defined from the force deformation profile as the area 

under this curve until the point of initial breakage, which can be simpiy expressed by 

the integral in Equation 2.4. 

r=quation 2.4 

Here, ~ is the total deformation of the particle while ~c is the deformation at fracture. 

The amount of absorbed strain energy during impact is thought to be critical in 

predicting the extent to which fracture occurs{51 l. Because this energy is dependent 

on a number of factors, including rate of energy transfer, method and duration of 

impact, ore geometry, size and strain rate, it is difficult to accurately quantify the 

amount of available impact energy a material under stressing €Ictually absorbs. 

Methods used to estimate this have included performing lab scaie measurements 

following which the results would be scaled up to approximate measUrements in the 

machine concerned. Another method gaining acceptance is the liSe of computer 

simulation to calculate forces associated with impact interactions in large scale 

machines{17.34l. 

Discrete Element Method 

The Discrete Element Method (OEM) has increasingly gained iri aCCeptance as a 

valuable tool to characterize the motion and energy spectra in comminution 

machines such as tumbling mills{27l. By using of simple elastic impact jaws to perform 

numerical iterations of multi-partide interactions, this method can be used to simulate 

collision energy, surface behaviour, flow boundaries and deformati6iis of particles or 

boundaries within a user defined environment{1.25.34,35l. 
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When applied to tumbling mills, in its basic form the method involves assigning 

defined elements such as steel balls arrd rocks calculated stiffness parameters and 

using Newton's laws of motion to predict their trajectories. A spling and dashpot 

mechanism is then used to simulate the elastic collisions within the tumbling 

environment, where the forces arrd energies associated with every interaction can be 

numerically C<llculated in cliscrete time steps. Based on these va lues, calcuiati:ms 

can be made to predict power draw. liner wear, arrd steel consumption of the milt as 

well as other useful data'''} 

Figure 2.5: DEM visualization of antictockwise charge revolution in a tumbling mill{ "'l 

Figure 2.5 shows a typiC<lt visualization of charge motion during a time step for ~n 

anti clockwise mill revolution, with hues from blue to red used to distingui~h 

ascending velocities From this illustration it is observed that the highest impact 

velocity interactions occur at the toe or lowest falling position of casC<lding charge, 

which is in line with particle tracking imaging of real tumbling device~I"'} 

Coltision frequencies of various impacts such as steel ball to baH , ball to rock. rock tJ 

rock , rockJbatl to liner in Doth direct impact and shear can then De obtained. Figure 

2.6 shows the collision frequencies of dashpot energy contacts in a typicat time step 

against the calcLiated dissipated energy tost to these interactions shown over a 

partide size range where 53mm represents the mean size. 
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Figure 2.6: Graph illustrating collision frequencies vs. energy for 53mm mean rock 

particles in a OEM simuiatiorP'" 

A trend is obsel'led here that has Deen used to define modern interPffitations of 

energyllxeakage relationships, in that a distirlCtly large majority of lriteractions occur 

at very low energies, whereas a smatl minority occur within the high impact energy 

regime estimated to be sufficient to cause fracture in single impacts. This conclusion 

agrees with the understanding that a large contrilxitor to size redllGtion in mills is 

surface damage via modes such as abrasion and attrition. It also flXlher also lends 

credence to the idea of 'progressive weakening', in that particles fracture more as a 

result of repeated stressing at low forces than single impacts at high furces. 

It is important to note that while OEM provides a profile of the energy environment in 

a mill, it does r.ot model the breakage or characterize the redistribution of the charge 

following the impact events. For this reason, Ixeakage rate functions are introduced 

to computer simulations to calculate the particle size distributions resu lting from the 

determined impact energies. 
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Pop()lation balance model 

One of the most widely used statistical models of partide d'strit:>ution is the 

population balance framework, whose inception is accredited to Epstein in 1947. 

While many variations of this model have been presented over the years, the original 

principles behind the model have remained largely the same, The simple princi""e 

behind this model is that it sums all the mass present in specific si.~e classes and 

then uses breakage rate functions to provide the accumulation or loss of mass In 

each per breakage iterationpr,. 

An important assumption used in this model is that the rate of breakage of material is 

directly proportional to the mass of that material that is present in its given size class 

{il, and thus that for each size interval there exists a rate constant that governs the 

rate of breakage for that interval. Thus, as shown in Equation 2.5 

Breakage rate = k i X.l'i 

Where k. - Breakage rate of size i per unit time 

s, -- mass of i present 

Equation 25 

Derivation of the modet is then based upon the conservation of mass about every 

sJze range present in the mill. so that for each size class 

Feed in + Breakage in = Product out + breakage out 

Which gives rise to the overall balance equation 

.-1 

f + Ih.Jri"'i =p,+k i ,\', 
!:Oquation 2,6 

Where f. - feed of siLe class i 

b, - breakage function which determines the distribution of upper size 

fraction i that falls under i follOl",ing breakage. 

p, - product of size class i 

Thus the breakage product can be expressed as a function of the feed rate 

operating factors particular to the breakage device and chosen breakage parameters. 
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To define an ideall~ed equalioo to relate product si~e to the avai lable breakage 

energy provided by the device, the appearance function b, is used The parameters 

defined by the function have to be determined from actual inipact breakage 

experiments. Many tecooiques have be€!1 developed to define impact breakage 

functions, the most corrwnon forms of which v.ill now be discussed. 

2.4 DEVICES USED FOR IMPACT BREAKAGE TESTS 

As previously menliooed. single particle impact breakage represents the most 

elementary process in comminution'''). In tumbling m~ls, the fundamental fracture 

process has been concluded to be as a result of the impact of fa l~ng media{"'I, and 

further research has also led to the belief that impact breakage is the most effective 

means of size reductioo avaitable in breakage machines' '') . 

Impact breakage experiments have thus been extensively used as a means to 

identify useful troods for comminulioo research, as well as provide statistical data to 

implement in functions for design and optimi~ation of circuits!"1 Although much 

about fundamental mechanisms behind fracture respoose of materi ' l lS under different 

forms of load is known from fracture physics and rock mechanios. single particle 

tM"eakage tests in comminution are mainly concerned lllith characterizing ore 

hardness under impact load and using tlis data to provide predictive models to use 

in design simulations 

Some forms of such single particle impact breakage experiments include 

,. Drop weight tests 

.. Split Hopkinson bar tests 

,. Ultra fast load cell experiments 

]..- RotaI)' breakage tests 

Each of these v.ilt now be briefly highlighted 

Drop weight tests 
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The drop weight test device, developed at the JKMRC, re~aced the twin pendulum 

test as the standard measurement technique to characlerim ore breakage in the 

early nioeti""l") An electric Vlinch is used to conlreM pneumatic presslire which raises 

lead weighls along vertical guide rails to fixed heights, which after reiease fall under 

gravity to crush ore specimens mounted lIIl an anvil. The device is installed in a 

Perspex erclosure as is ~ctured in Figure 2.7. 
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Figure 2.7: Picture and schematic of drop weight test apparatus 

By COIlsHva!ion of energy, it is assumed that the available polent lai energy of the 

weight is converted to the kinetic energy at impact which is imparted to the specimen. 

Rock sar--nes are usually prepared by screening to narrow size ranges aod standard 

eoergylSi:Le combinations are used for a specified number of specimens broken 

within ea::h range, The mean mass (m ) of specimens is measured prior to the test 

and the drop height in centimetres (It, ) is calculated according to the formula in 

Equation 2.7"1, 
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mE h; = __ -",-m_ 

0.0272 Md 
Equation 2.7 

The drop weight mass (Md ) is chosen according to the energy required for the 

particular experiment. It is generally considered better to have mote mass than raise 

the height due to errors introduced by misalignment of the guide ralls{57}. Also, as the 

drop weights do not come to rest squarely on the anvil due to the post breakage 

specimen remains, the offset height difference (h f) has to be accounted for in 

calculating the available potential energy. This leads to the equation used to 

calculate the available impact energy which is: 

Equation 2.8 

m 

The advantages of the drop weight test are that is has a wide ener~y/size range and 

is relatively easy to use. It has been successfully used to provide extensive data for 

single impact breakage as well as incremental damage experiments{37,56}, and has for 

long proven useful to validating breakage models. 

Possible shortcomings of the device mainly deal with its inaccuracies regarding 

energy measurement. The assumption that all the available energy goes to breakage 

is inaccurate, as it has been shown that frictional losses from the guide rails and 

rebounding velocities from weights at greater heights lead to miscalbulations{42}. After 

having accounted for these, it is still well known that not all the available energy from 

an impact is imparted to a specimen{25}, and the drop weight test provides no easy 

way of measuring this amount. Lastly, in conducting incremental breakage 

experiments its use has been found to be limited at lower energies; 

Split Hopkinson bars 

Split Hopkinson pressure bars (SHPB) are used to conduct ballistic impact 

experiments and obtain precise measurements of material load response at high 
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straill rates. Although mally adaptatiolls have followed his original work, design of the 

bars is accredited to Bertram Hopkinsoll, who developed the tectnique in the early 

forties to measure deformations from dynamic loading events at high velocities, such 

as the impact of bullets'''"), 

In its simplest from, the device consists of some lorm of launCher such as a gas gun, 

all impactor knol'llll as a striker, alld two bars in series usually made out of rigid steel, 

with a specimell loaded in between them The bars are mounted ill a rigid framework 

and are restricted from movemellt except in the tongitudinal direction where they 

move freely along bushillgs or bearings. Figure 2.8 shows a picture alld simpliiied 

schematic of the arrangement as set up at the Blast Impact and Survivability 

Research Unit (BISRU), Uiliversity of Cape Towll. 

Figure 2.8. Picture and schematic of Hopkinson bar apparatus 

Whell the laullCher is ~red, the striker shoots out of the barrel and impacts against 

the lace of the ~rst bar, called the incident bar, genemting a longitudillal stress wave 

which propagates alor19 it, and when it illteracts with the specimen, a portion of this 

wave follows tlYough to the secolld rod, known as the tmnsmitter bar, wrile the 

remainder is rellected back along the incidellt bar. Both bars are mounted with strain 
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gauges, illustrated in red in the schematic above, and through electronic amplifiers 

these output voltage signals which are directly proportional to the instantaneous 

stress at their position. 

These signals can be captured and recorded over the entire loading duration by 

computer and used to accurately resolve force to fracture, incident strgin energy, and 

the fraction of this energy that is absorbed by the specimen during impact. For 

specimens of known dimensions, deformation characteristics can be calculated and 

through imaging techniques crack initiation and propagation can also be studied. 

According to one dimensional stress wave theory{26,33}, the stress (rib) experienced 

by the bars can be given by the relationship in Equation 2.9. 

p - Bar Density 

C - Speed of stress wave transmission through the bar 

V- Velocity of the bar 

Equation 2.9 

To derive the strain energy associated with each wave, the work done in discrete 

time steps is accumulated to give the squared integral of the wave as calculated in 

Equation 2.10. By conservation of energy, strain energy absorbed by the specimen 

can then be assumed to be the difference between the incoming and outgoing 

waves. 

Where 

(O'b (tn+1)2+ O'b (tn)r (tn+l -tJ(Ab ) 

Cp 

Ev - Strain energy of wave 

Ab - Cross-sectional area of the relevant bar 

C - Wave transmission speed through the bar 

Equation 2.1 0 
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p - Bar density 

This technique offers several advantages over conventional impact breakage testing 

in that it allows for precise measurement of loads and their interactions with 

specimens. Because it also provides data that can be used to assess exactly how 

stress and energy interactions lead to breakage, it has been used to establish rock 

properties and investigate various factors affecting degrees of breakage{4,5}. As its 

range of testing also allows for incremental breakage tests, it has also been 

successfully used to conduct multiple impact experiments{6}. 

The test is limited by the narrow size range that it allows for, as Well as the lengthy 

time taken to perform experiments. Also, because it tests for sihglEi particles at a 

time, it cannot be used to feasibly perform multi particle experiments for most particle 

sizes. 

Ultra fast load cell 

The Ultra fast load cell (UFLC) is a unique combination of the drop weight and the 

Split Hopkinson bar. Developed at the Utah Comminution Center in 1986 by 

Weichert, it was an idea designed to combine the best attributes of the two testsing 

techniques into one{49,55}. By this technique, the vertical impact of a steel ball of 

known mass falling under gravity on a specimen from a fixed height is used to 

provide energy to the particle, while a long steel rod on which the particle rests is 

fitted with strain gauges to measure the load response of the partiCle. A schematic of 

the arrangement as described is provided in Figure 2.9. 
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_________ ~I "" """oconto<! 
Figure 2_9' Schematic of the Ultra fast load cell\'~; 

A laser accelerometer set a millimeter or less above the p<lrticle is used to precisely 

measure the velocity of the f<lliing steel ball just prior to impact, al'ld from a 

momentum balance tha relationship in 

Equ<ltion 2 t 1 is est(l~ished 

'". 
d'lI~ = -f. +m." ,; dl' " ,'h 

u,- Position of center of gr(lvity of troa b(lll 

rn,,- S(lII'S mass 

F,,- Force exerted by the particle on the ball 

g- Accelemtion due to gr(lvity 

t- Measured time 

Equ(ltion 2.11 

One dimension(ll stress W(lve theory is used to determine the stress In the rod, and 

assuming negligible irJerti(l of the steel b(lll (lrod specimen. force-displacement 

Equation 2.12 is derived, 

U( I) 
'{I'l;'>,· \' 

",1+-. ---f fF(rjdTdT---fF(Tldr 
2 m,, " ," pAC " 

Equation 2,12 
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a is an expression for the overall deformation calculated as li:)-l\, the dislance 

between the centre of gravity and rod, as dis~ayed in the schematic iFigure 2.9). As 

the equalion onty holds true until the return of the reflected waY';, UFLC rods are 

usually al least 5m long to ensure the reflected wave causes no interference in lhe 

initial load signal. 

Advantages of the UFLC are that it offers exact force time measurements, can be 

used for bed and single particle breakage and has a wide range of energies and 

sizes. A disadvantage of the technique is that highly sensitive meil$Uhng eqojpmenl 

is required, which may be expensive, aoo Ihus the method is not widety available 

A short portable load cell was laler designed by Bourgeois for measuremenl of 

breakage properties on site{"! to measure energy versus breakage relationships of 

industrial ores, FotlowirlQ a developed calibration technique to decoFWolule the strain 

gauge signals from the device it was found that Ihere was minimal loss in resolution 

in comparisoo wilh tab scale load celts. Thus lhis device could be used to provide 

quick and accurale in silu singte impact breakage characterisalion of il1duslrial ores 

The JK Rotary breakage tester 

The Rotary breakage tester RBT was developed at the Julius Kiultschnitt Minerals 

Research Centre as part of an Arnira P9 project to design and bUild a new fasler 

breakage characlerization device{"';:. The machine loads particles by a vibrating 

feeder through a channel 10 a variable speed rotor whose rolating action launches 

them against anVils mounted in a surroundirlQ stator. 

Aner impact, gravity causes product particles to fall along an incline irilo a collection 

bucket A vacuum pump is also supplied to suction any additional progeny. Figure 

2. to shows the ~rst commercial JKRBT, installed at Anglo Research labs, Germistoo 

South Africa in its ctosed (ready) and open (product collectioo) positiOlls respectively. 
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Figure 2, 10; Photographs of JK rotary breakage tester 

Test partictes are fed through the hatch at the top of the device alld are aided by the 

feed mechanism into the rotor-stator system Two radial outlets in the rotating 

centrifuge release the particles into the impact chamber in which the anvits are 

mounted at 9O-degree ~anes to the partide trajectory A control panel alongside is 

used to alter both the feed rate and rotor speed, which determines the specific 

energy of impact. The specific breakage energy can be directly rela ted to the partide 

velocity through Equation 2, 13WJ 

E =O~·V " , , ,. , Equation 2.13 

Where V; is the velocity of the particle prior to impact. As this velocity resolved from 

both the tangential and radial components of the particle rnotion, ca libration of the 

machine reqlires a determination of a proportionality constant C which relates the 

particle velocity to the known tangentiat velocity. 

The RBT has the distinct advantage that it allows for rapid testing of numerous 

particles across a wide size range, and can be used for both single impact and 

incremental breakage as its energy requirements are relatively easy to modify. In 
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comparison with drop weight test data, the device has been foun<.l to correlate well 

across most sizes{"'I, 

Disadvantages of the device at this stage are that firstly it is not commercially 

available as it has not yet become an accepted standard breakage daviee. Secondly, 

although it provides an accurate <.Ietermination of impact velodty and thus available 

impact energy to test particles, like the drop weight test it cannot quantify how much 

of this is actually utilized to cause breakage. 

In addition to the devices listed here, a number of other devices have been 

developed over the years to characterize partida breakage of ore specimens. Among 

these are experiments such as the Chevron bend test, Brazilian test and Twin 

pendulum test The Chevron test is one of the standard methods of mode t fracture 

toughness testing as established by the International SOCiety of Rock MechaniCS 

(ISRM/""'l Its apparatus is configured to induce tensile failure in specimens, from 

which the measureu force at fracture an<.l particle dimensions are used to calculate 

fracture toughness. The Brazilian test also measures tensile strength in rock by 

measuring stresses created by compression of rock disksi1o\ The twin pendulum test 

was the ueveloped at the JKMRC as the first device to conduct sirrgle particle 

breakage tests from which breakage functions for comminution models could be 

obtained!") 

2.5 DATA REPRESENTATION AND BREAKAGE MODELS 

Comminution research is primarily concerned with linking the ensrgy utiWzed In 

billakage and the particle size distribution which results''''I. Data provided from 

breakage experiments is therefore represented in forms which allow for quid< 

interpretations of this relationship, In order to do so, several parameters have been 

introduced to define measures such as breakage degree, efficiency and fracture 

energy 

Progeny from breakage experiments is most often Illpresented in terms of the mass 

fraction of the original particle size that segregates into sizes between a series of 

screens down to a chosen smallest aperture, Cubic s~ines can lhen be used to 

represent this product size distribution, The cumulative percentage material passing 

through ~ given screen deck size is plotted against the smallest to the largest screen 

sizes employeu in the series, where an example is given in Figure 2.111'171, 
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Partkl ! ! ~e ll1'.ml 

Example of cubic spline representatioll of break<>ge product from a drop 

weigtt test 

If the original top screen sizee is used to define the 100% mark, the xcordinate can be 

re-~otted to disr"ay the fractions of the original screen sizee Y and the corresponding 

percentage t that passes that particular size Thus to can be viewed to be the 

percentage of original size material passing through a screen an n" or Yin of that 

sizee. Of these, a characteristic index t· , has been crosen as the quantity to measure 

the degree of breakage. It is defined as the percentage material passing through a 

screen whose aperture is or.e tenth of the original geometric mean particle size Its 

value has t>een found to stroogly correlate to the mode I fracture tOLJghness K~, (see 

Section 22), although its main usefulness is that it can be used to reasonal:>y 

estimate the full size distribution of allY ore type from a set of curves known as the 

one parameter family developed by Na,olnayan and Whitenl'tIl , shown in Figure 2.12, 

where ilthe data points in the graph can be obtained for an ore, they can be used to 

predict the ful l product sizee at any other t'0 value 
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The tlO breakage index is the size product parameter used in most breakage models 

to calculate the product distribution from breakage at given energies!") Many 

V""'" breakage models have been developed and modified in the past " " a few of 

Which will now De discussed 

Breakage models 

A standard equation developed from JK pendulum tests which has long been in use 

in breakage rnodeling is the well known t"-E,, function' 

Equation 2.14 

Eo . is taken to be the spedfic comminution energy (kWh/t) or available energy to 

cause fracture per mass present and A and b are impact breakage parameters 

which can be described through interpretation of a typical tlO-E" curve as shown in 

Figure 2.13 The value of A corresponds to the asymptote or theoretical maximurn 

UniversHy of Cape Town Centre for Minerals Research 29 



CHAPTER 2' Literature Revie"w'-_________ _ 

value of tlO obtaina~e for an ore (approximately 55-60 in the graph shown), Whose 

exact value is I10t of great importance as the energy typically reoUired to meel this 

breakage degree is w~1 above that anticipated in SAG mills. Faclor b Is related to the 

linear gradient of the curve at energies lower than 1 kWh/I As the ealculation of each 

value inevita~y affects the other, the value of A,b is often reported as the single 

value representing an indication of impact breakage hardness, wher;:" a lower value 

indicates a reluctance to fradure for an are characteristic of a harder tougher 

mineralogy wililst a higher Ab would indicate a readiness to fracture to high degree 

charaderistic of a softer are type Typical are hardness ranges as reported at the 

JKMRC are shown in Table 2,3, 

W 

50 

" -~ 0 

30 
~ 

>J 

10 

0 
(liJ 

Mt Cootha quarry material 

40 

Ecs (kWh/t) 

---, • 10.3 mm 

G.O 

"------------------

,:4-<1 Figure 2.13: Example of at", vs E" curve 

Ta~e 2.3 Typical reported ranges of A,b and t., impact breakage parameters 
- -

Very Mod. . Mod. Very E~EJ~- E:J-r=:JE~ Property, Hard Hard Hard MedlLfm Soft_ ~_~~ Soft 

IAob 11<30 11&.38 1[3£<3 1fiB6 I§ l['i"iTiiiJ 
It" 11 <0.24 1@i4-<J,35 1§~41 1§,54 11°.54-065 1' 0,65-1.38 1838]' 

-- -

University of Cape Town Centre for Minerals Research 30 



CHAPTER 2: Literature Review 

Although practical, this model has been found to have poor predictive capability 

particularly across a large range of particle sizes{44}. As illustrated, data across 

different sizes from the same ore gives different t10 curves, and thus over time further 

parameters have been introduced to improve the model. One such function based 

on Bourgeois' drop weight data was that of George Banini{4} Who developed a 

function incorporating particle size as seen in Equation 2.15. 

flO = lOOx 1-
1 

Equation 2.15 

In this function, energy (Esv) was expressed as volumetric specific input energy 

(kWhlm3), d was the particle size (mm) while aoo , Pm and n where Impact breakage 

parameters to be fitted to test data. 

OEM simulations (see Section 2.2) further highlighted that particle fracture in mills did 

not necessarily occur as a result of solitary high energy impacts, but also very likely 

from repeated stressing of particles at low energies leading to eventual breakage. 

From continuum damage mechanics of partide fracture by Tavares ahd King{50}, the 

following "Particle weakening" breakage model was developed. 

E:quation 2.16 

Where: D = = The "damage" or fractional reduction in particle stiffness following the 

impact 

r = Damage accumulation constant 

Ek1n = Specific strain energy absorbed by particle 

En-I = Energy required to disintegrate particle 
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Vogel and Peukert developed a model, based on Weibull statistlc:::s{52,55} combined 

with Hertzian theories of contact{16}, to also investigate more factOrs that influenced 

breakage including ore properties, particle size and repeated stressing. This work 

provided a model which expressed breakage probability (5) in terms of a series of 

parameters given in Equation 2.1T52}. 

Equation 2.17 

This model introduced several terms to understanding breakage, A theoretical 

minimum energy (Wmin or Eo) was defined, below which infinite impaCts would never 

result in fracture. After an intermediate energy region for which breakage occurred 

after a series of impacts a critical value of energy (Wcrit or Ecrit) was also given, above 

which a solitary impact would almost certainly cause breakage. It considered the 

number of impacts to breakage (k) and particle size (x), while material specific 

properties were catered for using the parameter fmat{53}. 

Because both Tavares' and Peukert's models expressed breakage in term of 

parameters that were difficult to define and measure, namely partiCle Weakening and 

breakage probability, validation of these proved difficult and their usefulness to 

comminution was thus somewhat impractical{44}. Frank 5hi and Tony Kojovic 

however, modified the Vogel and Peukert model to relate t10 to impact energy by the 

following equation{44}: 

Equation 2.18 

A major advantage of the equation was that it could be directly correlated to the 

existing JK model in Equation 2.11 such that the value of A could be replaced by M, 

while b could be replaced by fmat.x, and lastly k(Ecs-Eo) could replace Ecs. This model 

was successfully validated by the authors in later work{45}. 
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CHAPTER 3 

SAMPLE PREPARATION, EXPERIMENTAL AND DATA 
ANALYSIS PROCEDURE 

Overview 
This chapter describes the approach that was taken to address the objectives laid out 
in the introduction. It begins with a brief overview of the test objectives and proceeds 
to explain and list the tests conducted with each of the breakage devices used to 
meet these. In addition, it provides details of the techniques used ih the experimental 
analysis of the data obtained. 

3.1 EXPERIMENTAL FRAMEWORK 

In order to test the listed hypotheses and meet the objectives for this thesis a series 

of experiments were planned and conducted with the listed breakage devices. For 

the developed test program, experiments were divided into two groups as follows: 

I - Single impact breakage: 

These sets of experiments were carried out using the drop weight test, split 

Hopkinson pressure bars and the rotary breakage tester. Individual particles were 

subjected to impact breakage at standard breakage energies above Ecrit to 

characterize ore properties and compare the breakage across the devices. 

11- Incremental breakage 

USing the rotary breakage tester and split Hopkinson pressure bar, groups of 

particles were subjected to low energy impacts at several energies between Eo and 

Ecrit to establish both breakage probability and predict the likely values of these two 

parameters for a given size. 

To investigate the effect of particle size on breakage characteristics, tests were 

performed in the following three size classes named as follows: 

Small (S) -16mm +13.2mm 

Medium (M) -22.4mm +19mm 

Large (L) -31.Smm +26.Smm 
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3.2 ORE MINERALOGY AND SAMPLE PREPARATION 

Rock types from two sources were used for the experiments conducted across the 

breakage devices. A common road quarry commonly known as blue stone was the 

main test material and a gold ore obtained from a local Anglo Gold mine was also 

chosen. Blue stone was primarily selected as it was found to be an equigranular 

material which was thus thought likely to yield consistent breakage results. To 

compare this breakage data with a conventional mining ore, the gold ore was also 

investigated. 

About 1 tonne of blue stone was collected from a local Holcim road and aggregate 

quarry deposit in sizes ranging from 11.2 to 63mm, while approximately half a tonne 

of gold ore was made available from an Anglo gold metallurgical laboratory for use in 

this work. Thus for both ore types material was limited by the amount made available 

from either source to carry out breakage experiments. 

X-ray diffraction tests were carried out on the ores to establish their mineralogy and 

determine their differences in grain consistency. These tests were carried out at the 

XRD and XRF facility based at the University of Pretoria. Particles were first reduced 

to micro scale sizes in a micronising mill and prepared for analysis using a back 

loading preparation method. Samples were then analysed using an X'Pert Pro 

powder diffractometer using filtered radiation, and then identified using X'Pert's 

Highscore plus software. 

Although both ores showed a high quartz content, blue stone was identified to have a 

high percentage of softer feldspars in the form of plagioclase. The gold ore was 

found to have little to no plagioclase, but had relatively high percentages of 

muscovites and softer talcacious minerals such as pyrophyllite. Differences in 

mineral composition for the two types of gold ore were assessed to investigate 

whether they would significantly influence the breakage behaviOr. Table 3.1 lists 

results of the mineralogy tests for the ores tested. Weight percentage relative phase 

amounts are listed together with three standard deviations of error to the right of each 

amount. 
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Table 3.1' Summary of XRD mineralogy tests on selected ores 
. -_.- .. _--_. 

Sample ;-Gold"(;r-;-'-- - BllIf' sto,,", Mirleral component Sample 1 Gold ore 

Relative ~ Error Relative % ErrCO' Relative % Error 
-- Chalco 

... 

rite "' 0.07 045 000 . . 

_ .~hlor!t. IIb-;.! 3.19 0.42 · . . . .. · . . 

Dio slde 1 .52 0.21 0.86 0.33 151 0.45 .. 

Enstatite 389 0.0 3.08 0." 3.57 0.72 

Microcliroe 2.62 0.69 5.32 ~~ Muscovite 19.59 0.57 20.43 0.69 '.00 "" Pla9ioclase _ 067 033 · t- }0.47 0.00 I , rite . 042 o. , 0.15 0.19 , 
Pyrophyllite 1.69 0.51 ,." 0.81 " 0.78 

, 
.. ._--

. 1..14 I Quartz 66.54 0.87 , 66.37 0.69 48.39 . 

A sample of blue stone was examined under microscope and found to have a 

consistent grain structure. Figure 3.1 shows the particle structure of blue stone under 

magnification with a lmm scale provided Quartz is identified as the dar1<.er, fine 

grained material which forms a matrix around the gray grains, which consist of 

feldspars such as plagioclase Muscovites are the brown substance found between 

surrounding edges of feldspar grains. 

Figure 3.1: Magnified photograph of blue stone showing grai l 1 size 
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Prior experimental work by tns author had shown that oval partides tended to absorb 

more energy than jagged particles! " , thus for this study these two distinct geometries 

were investigated Particles that tended to have uneven, jagged edges were termed 

angular, and those of more oval, smooth shapes were named rounded The 

difference in appearance of these two geometries is illustrated in Figure 3.2. 

Angular specimens were collected in the three size ranges from a local qualTy and 

depot. A sub-sample of these rocks was then taken to the University of Stellenbosch 

where a pilot mill was used to condition these into rounded pebbles. 

I 

L 
Angular Rounded 

Figure 3.2. Two types of geometries investigated for breakage e~periments 

Conditioning of angular pebtHes was accomplished by tu~ing angular pebbles 

autogenOlisly in a 300mm by 1m long mill at 40% loading. At 75% cr:tlcal speed with 

high water content. it was obser<ed that little fracture occurred whilsi steady abrasion 

and gradual rounding Or pebbles was achieved. Rounded particles were typically 

obtained after 4-5 hours of continuous milling under these conditions. Chosen 

angular and rounded pebt)tes in each size class were then individually weighed to 

make sure they fell in similar mass ranges. 

The angular gold ores selected for breakage experiments were obtained from the 

feed belt of two industrial AG mills Rounded gotd ore particles were collected from 

the centre of tr., mill charge. These specimens had therefore been subjected to a 

high stress environment and it was sought to investigate how this would affect their 

breakage characteristics 
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Each ore type was assigned a specific name to aid in distingLishing it during lesting 

and subsequent sieving Table 3.2 summarizes the ore types that were investigated 

in this work. 

Table 32' List of abbreviations assigned to are types used 

;_+_ Name Gec.:r:netry Description 
--- --_ . -- ---
Blue BS-A Angular Coarse pebbles -- _. 
s,~ BS-R Rounded Oval partides from milling 

AG1"A Angular Feed to 1 st AG MiN (Sample 1) 

Gold AG1-R Rounded Collected from centre of 1st Milt 
---

~e AG2-A Angular Feed to 2nd AG Mitl (Sample 2) 

AG2-R Rounded Collected from centre of 2nd Mill 

To conduct standard Hopkinson bar strength tests using the btue stone ore. 

cylindrical specimens of 20mm diameter by 20mm length were also used. These 

were drilled using a c]'1indrical diamond drill core of 20mm inner diameter out of flat 

stabs of rock that had been cut to 20mm thickness. As the core bit and ore tended to 

heat up considerably dcl'"ing drilling , the procedure was carried out with the slab fully 

immersed in water mixed with coolant. Figure 3.3 shows an example of a cytindrical 

specimen used to carry out these experiments. 

Cylindrical blue stone 

Figure 3.3: Example of c]'1indrical specimen used for Hopkinson bar strength tests 

3.3 EXPERIMENTAL PROCEDURES USED FOR EACH DEVICE 

Testwork carried out on each device was planned such that the tests would follow the 

standard procedures specific to each device as dosely as possible. Experimentat 

University of Cape Town Centre for Minerals Research 



CHAPTER 3: Sample preparation, experimental and data analy~lsprocedure 

methods applied for each device were drawn up such that comparisons could then 

be drawn between the specific information each would provide. As such, procedures 

for some experiments had to be developed where there was no standard method. 

Drop weight test 

No incremental breakage experiments were carried out using the drop weight. The 

tests were primarily done to establish ore breakage parameters using the standard 

breakage technique. The following is a summary of the procedure that was followed 

for experiments with this device. This procedure was based upon the standard JK 

test procedure given from the drop weight test manual{57}. 

1. Select appropriate drop weight head according to energy required and using 

extractor tool carefully remove or add lead weights until required mass is 

attained. 

2. Adjust position of the height limiting stop on the device so that drop weight 

head will be lifted to required test height. Clamp limiting stops of both rails in 

place. Raise drop weight head slightly to create enough room to place the 

specimen. 

3. Slide open the access door. Using a pair of tongs, place a test particle on the 

anvil. Close the access door. 

4. Raise the drop weight head until it reaches the stop. Release the head and 

watch for any head bounce. Discontinue the test and recheck calculations if 

bounce is observed (unlikely below 3 kWhlt). 

5. Open the door and measure the gap between the anvil and the face of the 

drop weight head for at least the first 10 particles in fin energy/size 

combination. Lift the head clear of the anvil and brush the broken fragments 

aside. If more particles are to be broken within same energy/size range, 

return to step 3. 

6. Record all relevant data from test into a notebook or sheet of paper. 
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7. Using brush provided collect all rock fragments and firies into collection 

bucket and transfer into a labeled plastic bag for identification. Keep aside for 

sizing procedure. 

8. Return to step 1. 

Gold ore particles in all the listed size ranges were subjected to iflipact breakage at 

standard drop weight energies in order to determine and compare Values of impact 

breakage parameters such as A and b (see Section 2.5). Blue storie specimens were 

used to compare differences between rounded and angular geometries at four 

selected energy levels. 

The influence of particle size on breakage distributions was also inVestigated for this 

data. This was done by comparing the breakage degree and particle size 

distributions at similar energies for the three size ranges listed. Due to a shortage of 

material, drop weight test data could not be obtained for all the ore types in the three 

size ranges chosen. A total of 33 drop weight tests were conducted for this thesis, 

which are summarized in Table 3.3. 

Table 3.3: Summary of conducted drop weight tests 

ENERGY (kWh/t) 
Ore 5ize 0.25 1 2.5 

13.2 -16mm (5) ./ ./ ./ 

AG1-A 19 -22.4mm (M) ./ ./ ./ 
26.5 -31.5mm (L) ./ ./ ./ 

AG2-A 13.2 -16mm (5) ./ ./ ./ 
19 -22.4mm (M) ./ ./ ./ 
26.5 -31.5mm (L) ./ ./ ./ 

AG2-R 13.2 -16mm (5) ./ ./ ./ 
19 -22.4mm (M) ./ ./ 

,~ 
./ 

26.5 -31.5mm (L) ./ lC lC 

0.2 0.6 1.6 2 .. 

B5-A 13.2 -16mm (5) lC lC lC lC 

19 -22.4mm (M) lC lC lC lC 

26.5 -31.5mm (L) ./ ./ ./ ./ 

B5-R 13.2 -16mm (5) lC lC lC lC 

19 -22.4mm (M) lC lC lC lC 

26.5 -31.5mm (L) ./ ./ ./ ./ 

• 
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Split Hopkinson pressure bar 

Split Hopkinson pressure bars are designed to measure stress-time responses of 

ductile materials such as metals at high strain rates to characterize their strength by 

conventional engineering parameters. In order to adapt this device to ore breakage 

testing, several modifications to the standard set up were required, Generally, impact 

surfaces are machined flat for compressive pulse loading but because breaking and 

abrasive contact in mills typically occurs against rounded surfaces sUch as steel balls 

or other rocks, ends of the bars were threaded to allow for adjustable end effectors. 

Two types of end effectors were compared for this work, rounded end effectors of 

25mm radius to mimic steel ball breakage in mills, and flat end effectors to match the 

impact conditions of the other test devices. As the bars were threaded these 

attachments could be easily screwed on and off as illustrated In Figure 3.4. A 

photograph of a loaded specimen with rounded end effectors is given In Figure 3.5. 

___ ;......,_E_;:_=~d .ff .... ' 
Hopkinson bar 

Figure 3.4: Sectioned view of a Hopkinson bar end effectOr 

The end effectors were designed from the same grade of steel as the bars, and their 

back ends were machined flat to be flush against the bar surface such that pulse 

transmission through them would have negligible impedance. 

To enable easy recovery of rock fragments after impact, a perspex chamber was 

designed to fit around the specimen and bars, with holes on either side which 

allowed for the bars to pass through with a large clearance. Figure 3.5 shows an 

angular specimen mounted with the 25mm end effectors and particle collection 

chamber. Table 3.4 provides the relevant dimensions and calculated properties from 

the set of bars used to carry out this work. 
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Figure 3.5: Hopkinson bars With 25mm end effectors and collec:ion chamber 

Table 3 4' Hopkinson bar dimensions and properties as used in breakage tests 

Ir><:ident 
Property b., Trammitted bJr Striker1 S:ri~er2 Striker3 

M~" (kG) li02 '''' 0.639 1,013 1,352 

~ 'th(m) , U C.= 0, 455 0,605 

Di.meter (m) 0.022 0,022 0.019 0.019 0.019 

De",ity ( cubit metre) 7918 7920 . 

Your1!';'S Modulus (GPJ) '''' '" 
, 

~~;n gJuge di5tJn~;(t1l) 0.95 0.' 
Pulse 'peed (m/s 4904.5 4904,5 

Str<lin ~~u~e voHJ~e (V) " H . . - .. 

Amplifier voltage (V) 
, e " 

There was no dvailable procedure for rock breakage lesting with !lis device and as 

such one had to be developed. All breakage tests performed using Ihe BISRU Split 

Hopkinson bars followed this procedure 
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1. Initially open nitrogen cylinder knob to release pressurized air into gas gun 

system (done only at the beginning of experiments as a safety precaution to 

ensure no pressurized air remains in the firing chamber at the end of a run. 

Close knob at the end of experiments). Switch on trigger circuit. 

2. Set/ensure back pressure in gas gun chamber is at least B bar, optimally set it 

to 10 bar (appx. 1Mpa). 

3. Load striker into firing tube, using poking tool provided push it back to a 

selected initial position (for this project where the impact face of the striker 

lined up with the fifth lining hole of the tube). 

4. Check photodiode signals on digital oscilloscope to make sure both signals 

are displayed on screen, with sufficient volts per division (vertical) to display 

the change of state from low (OV) to high (5V) of both diodes. LED lights 

should both be on when signal is low. Set time per division (horizontal) to at 

least 2ms per division or sufficient to capture change of state of both signals, 

typically in 10-15ms range. Push "trigger mode" and check trigger level is set 

to trip on rising edge of first photodiode from the face of the striker, and then 

press "single" to initiate the capture of a single event. 

5. Ensure strain gauge circuitry is switched on. Check that circuit voltage is 

about 2.5V and amplifier voltage B.5V, and that both signals are sensitive to 

movement on the computer software in "Continuous Acquisition" mode with 

no trigger set. Zero the strain gauge levels if necessary by turning the variable 

capacitors in the amplifier circuits using a screwdriver in the clockwise or 

anticlockwise for downward and upward movement respectively (This is only 

done as a visual aid and is not necessary for calculations). Set trigger to 

analog, use a suitable pre-trigger of 200 micro seconds or so, and set the 

trigger to trip at a suitably high voltage to ensure it does not get prematurely 

tripped by electrical noise or slight movement of the bars (0.B-1V usually 

sufficient for signals rising over 3V). Set recording time to about 1000 

microseconds or sufficient to record entire first series of the three stress 

waves, with a recommended sampling rate of 1 Kilo samples per second. 
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6. Load the specimen by placing it in a random orientation between the two bars 

with the selected end effectors firmly screwed in. Push bars together to hold 

the specimen in place and close the inspection lid of the Perspex box. 

7. Set the pressure in the gas gun to correspond to desired (caHbrated) energy 

level by turning the handle clockwise. Monitor the chamber pressure with the 

provided gauge and let off any excess pressure with the outl~t lever. When 

done click the "Arm" button in the computer software and raise the safety 

switch before depressing the fire button which launches the striker. Two rising 

change of state signals should be obtained on the oscilloscope, and the 

stress waves should be shown on screen. 

8. Use the delta-x feature on the oscilloscope to accurately calculate the time 

between the photodiode signals. Enter this time along with all relevant data to 

the particular test in the space provided and save the data as a text file of a 

chosen name. 

9. Open the front end and top lid of the housing and sweep all fragments into a 

labeled plastic bag for identification. Keep aside for sizing procedure. 

10. Return to Step 2. 

Both single impact and incremental breakage experiments were conducted according 

to this procedure, although the energies used were limited by the allowable ranges 

for the gas gun and strain gauges. Blue stone was the only material tested with this 

device, where tests with pebbles were limited to the large (L -31.5 +26.5mm) size 

range. Cylindrical specimens were used to perform standard strength measurement 

tests. 

Single impact breakage tests with this device were primarily conducted to measure 

standard strength properties and characterize the hardness of the ore. Further tests 

were conducted to quantify the fraction of impact energy absorbed by particles to 

cause breakage and investigate its effect on breakage degree. In addition to this 

various other factors were investigated including the effect of impulse and geometry. 

A series of experiments were performed with both angular and rounded specimens to 

investigate the number of specimens required to provide statistically reliable 
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information. Also, the same comparison tests were run using the two described 

different end effectors to measure this effect on energy absorption. As the length of 

the striker determines the duration of the impact pulse, a set of experiments was also 

conducted with three different strikers to examine the effect of impulse on particle 

breakage. In addition, standard Hopkinson bar material strength tests were 

conducted with cored cylindrical specimens of 20mm diameter arid 20mm length to 

characterize the specimen hardness using engineering parameters. Table 3.5 shows 

the single impact breakage experiments that were carried out with Hopkinson bars. 

Table 3.5: Summary of single impact HPB tests 

Type of test # tests Particle type 

End effector comparison 21 Rounded 

Geometry comparison 37,44 Angular, rounded 

Impulse time comparison 30 Rounded 

Energy-size profile 25 Rounded 

Material strength tests 10 Cylindrical 

Incremental breakage experiments with the Hopkinson bar were carried out 

according the procedure developed in this thesis. Due to the lengthy thlle taken to set 

up experiments with the Hopkinson bar, as well as the difficulties regarding 

repeatability using the gas gun, a relatively small number of incremental breakage 

experiments were performed. 12 tests were conducted to compare the breakage 

degree resulting from single impact breakage against that from multiple impacts for 

similar amounts of energy. 

At the lowest gas gun pressure of 3 bar, specimens were subjected to impact 

breakage and then grouped according to the number of impacts that Was required to 

cause breakage. For the incremental breakage tests with this device performed for 

this thesis, breakage was defined as when a fragment of at least 1/3rd of the original 

specimen fractured from the original particle. This was determined by inspection 

following an impact event. After this, the breakage degrees could be calculated 

according to the number of impacts required to fracture the particles; 

Rotary breakage tester 

Both single impact and incremental breakage experiments were conducted with the 

rotary breakage tester. Single impact breakage experiments were performed using 
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th€ standard method as described in the operator's manual!"}, whil st incrementat 

breakage tests were carried out according to a procedure developed in this thesis. 

Figure 3.6 shows the onboard controt panel/or the RBT. Status indicator lights show 

th€ status of the RBT and the various switches control th€ staie of th€ vibrating 

feeder and vacuum pump. The digital display and interface t>elow can be used to set 

motor speed and change settings aSSociated with a particular test When th€ green 

status indicator ~ghts after the initial start up procedure, the mact-line is in its 'ready' 

state. The two mist separators at the back of tne mact-line should t.e drained before 

starting up the rotor to ensure no moisture interferes with the running of th€ 

pneumatic circuit, 

Figure 3,6: Phootograph of RBT control panel 

Tests with the RBT were conducted according to a similar routine to that provided in 

the manual l"'}. For this work tne procedure for an RBT test ran as follows' 

1, After th€ initial start up procedure is complete, drain the mist separators and 

ensure the oit level is above the red line on th€ indicator, 
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2. Switch on the vibrating feeder by turning the knob to the 'on; position. Alter 

the frequency of its oscillations using the dial above the power knob to a 

desired position (usually maximum, unless the feeder vibrates heavily, in 

which case reduce the frequency until stable). 

3. Scroll through the menu screen by pressing 'Next' or 'Prev' on the digital 

panel, until the 'Data input' option. Enter the desired energy input (in rpm; at 

the time of this project the validation study to enter energy as rpm directly had 

not been completed) using either the keypad or pressing 'increase' or 

'decrease' until the value is reached. Table 3.6 lists the rotor speeds in rpm 

for standard breakage test energies. 

Table 3.6: Calibrated RBT rotor speeds for standard breakage energies{58} 

Number of 
Size Range particles/Test Required rpm for Target EcsVl'llues 

(mm) 0.1 0.25 1 2.5 
-45+37.5 30 874 1357 2641 

-31.5+26.5 30 1357 2641 4103 

-22.4+19 30 1357 2641 4103 

-16+13.2 30 1357 2641 4103 

4. Push the green 'start' button and the rotor will accelerate to the chosen 

speed. The display button will indicate the actual rotor speed in relation to the 

selected speed above it. While the variable speed drive stabiliies at this rpm, 

select a sample and record the total mass to be fed to the RBT. 

5. After having waited until the rotor speed is constant, insert the test particles 

into the top hatch at a steady rate of up to about 2 particles per second. 

6. After processing the sample, push the red 'stop' button to bring the rotor to a 

stop. The vacuum pump should automatically turn on when the flywheel 

reduces below 500 rpm. 

7. When the rotor has come to a halt, raise the lock handle and pull out the 

release pin. The green 'status ready' light should go off. Depress and hold the 

'raise' button until the front lid of the RBT rises to a position Which allows for 

access to the interior of the impact chamber. 
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8. Brush the remaining fragments into the collection bucket and if necessary use 

the vacuum hose to suction fine particles into the dust bag. 

9. Raise the lock lever and pull out the recovery bucket. Withdraw the dust bag 

filter empty its contents into a tray. Brush the outside of the bag to recover 

any additional fines lodged in the filter. Empty the contents of the bin into the 

tray and weigh the total mass of the recovered product. 

10. Place the filter bag back in the collection bin and replace the bucket in 

position, pushing the lever down to lock it in place. 

11. Press and hold the 'lower' key on the panel to return the lid to its closed 

position. When it comes to a stop, raise the lid lock handle and insert the lock 

pin fully. The green 'status ready' light should turn on. 

12. Return to step 3 or 4. 

I - Single impact breakage: 

For the RBT, standard energies identical to those of the drop weight test had been 

calibrated by setting the rotor speed to specific values. Tests with the two ore types 

took place at two selected energy levels to compare the degree of breakage 

achieved with that of the drop weight test. Both rounded and angular geometries 

were also investigated with the RBT. 

It was sought to compare the scatter in size distribution between a select grouped set 

of specimens with that of a broad number. Thus tests were done tb compare the 

scatter in data between groups of five specimens each with that 6f the standard 30 

particles for a particular size range. As ore was limited following the drop weight 

tests, data could not be obtained across all energy levels for the ore types 

investigated in this study. A total of 45 tests were conducted with the RBT, which are 

summarized in Table 3.7. 
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Table 3.7: Summary of single impact RBT tests 
.. 

ENERGY (kWh/H 
Ore Size 0.25 1 2.5 

13.2 -16mm (S) • ./ ./ 

AG1-A 19 -22.4mm (M) . • ./ ./ 

26.5 -31.5mm (L) • ./ ./ 

13.2 -16mm (S) • ./ ./ 

AG1-R 19 -22.4mm (M) • ./ ./ 

26.5 -31.5mm (L) • ./ ./ 

13.2 -16mm (S) • ./ ./ 

AG2-A 19 -22.4mm (M) • • • 
26.5 -31.5mm (L) • ./ ./ 

13.2 -16mm (S) • ./ ./ 

AG2-R 19 -22.4mm (M) • ./ ./ 

26.5 -31.5mm (L) ./ • • 
13.2 -16mm (S) • ./ ./ 

BS-A 19 -22.4mm (M) • ./ ./ 

26.5 -31.5mm (L) • ./ ./ 

6 Groups of 5 
19 -22.4mm (M) • ./ • particles each 

13.2 -16mm (S) • ./ ./ 

BS-R 19 -22.4mm (M) • ./ ./ 

26.5 -31.5mm (L) • ./ ./ 

6 Groups of5 
19 -22.4mm (M) • ./ • particles each .. '-

II-Incremental breakage 

The most significant incremental breakage work was done with tfie RBT, mainly to 

determine the values of Eo and Ecrit for both blue stone and gold ore and investigate 

the probability to breakage at energy values below the critical energy Value. Rounded 

specimens were primarily selected for these experiments as this geometry had been 

found from prior experimental work to give greater repeatability in breakage 

results{5,6}. For calculations of these breakage values the largest size range (26.5-

31.5mm) was selected. 

To establish the number of specimens per test needed for an acCeptable statistical 

accuracy, a number of repeat experiments were performed using a chosen energy 

level. Five energy levels determined by scoping tests to fall between Eo and Ecrit were 

selected and for each of these the total initial number of specimens Would be fed into 

the RBT. Following the breakage procedure as outlined for single impact breakage 
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with this device, material passing the 2nd from bottom (22.4mm) screen size for a 

26.5-31.5mm particle was classified as broken whilst anything in the 22.4-26.5mm 

range was categorized as chipped. For the RBT, material remaiiling in the original 

size fraction together with the chipped material would be fed back Into the RBT for 

cumulative impacts and the process would be repeated for five impacts or until at 

least 70% of the total original starting mass was broken. Table 3.8 shows the 

incremental breakage experiments that were carried out. 

Table 3.8: Summary of incremental breakage RBT tests 

Energy level Input E Rounded Rounded 
(E) (kWh/t) gold stone blue stohe 

1 0.013 ./ lC 

2 0.047 ./ lC 

3 0.091 ./ ./ 

4 0.167 ./ ./ 

5 0.273 lC ./ 

3.4 DATA ANALYSIS PROCEDURE 

A procedure to interpret the breakage data provided from each of the breakage 

devices had to be decided which would provide information relevant to the objectives 

of the work. 

Product size distribution data was represented by cubic splines (see section 2.5) 

where the cumulative percentage material passing a given screen size was plotted 

against a logarithmic scale of screen size. The degree of breakage Was defined by 

the t10 parameter, in that the interpolated percentage mass of material calculated to 

pass through the screen size 1/10 of the specimen's original geometric mean size 

was the measure used to compare breakage degree. Breakage efficiency was then 

defined relatively as the breakage degree for a given energy, so that by comparison 

for identical impact energy the fracture resulting in a higher breakage degree was 

termed more efficient. 

As the Hopkinson bars were restricted from movement in every direction but 

longitudinal, one dimensional stress wave theory was assumed for calculations from 

this strain gauge data. Microsoft Excel's solver function was used t6 find the optimal 
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fit for the breakage and probability models that were selected. The conditions used 

were that the root mean square error between the data points and calculated curve fit 

had to be as close to zero as possible, with the single constraint. that Eo had to be 

greater than O. A forward biased Newton algorithm was selected to perform the 

calculation which provided the optimal solution that met the chosen criteria. For every 

iteration in the values calculated with this software all parameters Vii~re reset to zero. 

Both the standard JK breakage model and the modified Shi-Kojovlc breakage model 

(see Section 2.5) were fitted to the single impact breakage data obtained from the 

drop weight tests and the RBT. This fit would then give the values of the A and b 

parameters, and predict a value of Eo for the modified equation. The Vogel-Peukert 

probability to breakage model was used to determine Eo and Ecrit from the 

incremental breakage data from the Rotary breakage tester. 
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CHAPTER 4 

DROP WEIGHT TESTS 

Overview 
This chapter is devoted to the work done using the drop weight tester. A brief 
introduction of the design of the device and its contribution to comrnlflUtion research 
is given, after which the technique and theory behind the method is provided. 
Experimental results and accompanying discussions are also presented. 

4.1 BACKGROUND AND CONTRIBUTION TO COMMINUTION 

Many forms of gravity impact breakage devices have been designed in the past {37, 

38,49}, one of the most successful of which was the drop weight test (DWT). This was 

introduced in 1992 at the Julius Kruttschnitt Minerals Research Centre (JKMRC) 

primarily as a standard technique to determine ore properties for JK SimMet 

computer software{24,37}. 

The technique conveniently applied measurement of energy to directly quantify 

breakage degree and thus its data could be used to establish breakage 

characterization parameters for different ore types. Values such 2tS the t1O, A and b 

value, previously developed to describe material breakage properties{38} could then 

be fitted to breakage models for use in mineral processing simulator$. 

Over the nineties, numerous drop weight experiments were conducted to create a 

database of product distributions for a series of standardized energies, from which 

established references such as the well known one parameter family of curves was 

developed{37} (see Section 2.5). Since then, the JK drop weight tester has become a 

standard characterization of ore hardness in impact breakage research. 
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4.2 DROP WEIGHT TEST TECHNIQUE AND THEORY 

As discussed in the literature review (see Section 2.4), the Impact breakage 

apparatus comprises of adjustable lead weights which move freeiy along vertical 

guide rails which are attached to a solid base on which is mounted a steel anvil. 

Using a pneumatic lift control circuit, the selected weights can be lifted to a fixed 

height by an electric winch. When released these fall under gravity to crush individual 

particles or beds of rock specimens on the anvil. After this ths product can be 

gathered and swept into the collection bucket provided. A photograph together with a 

simplified schematic of the machine is given in Figure 2.7. 

The mass of each component and drop weight should be carefuliy measured to 

ensure accurate determination of the potential energy to the partlde. Components 

include the body, lead weights, steel disk washer and securing unit, which should 

also be thoroughly cleaned prior to each test to ensure no contamination from 

previous experiments. A lifting tool is typically used to engage and disengage lead 

disks to and from the drop weight body, as protection from injurY under the heavy 

load and as they tend to deform easily under impact. Care is also taken never to 

release the drop weight without a test partide as this may result in damage to the 

steel impact faces{57}. 

An air supply of at least 100psi (O.689MPa) is required to provide compressed air to 

the air filter-regulator unit which controls the lift-release pneumatic mechanism. A 

lubricator unit is also provided to monitor that the oil level stays within an acceptable 

level. After the drop weight is lifted against the height limiting stop! which is fastened 

in place by the operator, the specimen can be placed onto the anvil. This should be 

done using tongs as a safety precaution. The inspection door must be slid shut for 

the actuator to become operational, whereupon the drop weight oan be released by 

pushing the actuator release valve. According to laboratory safetY standards, the 

device must be operated with gloves, safety goggles and ear protection as higher 

energies typically generate loud noise{57}. 

Summary of relevant theo,y37} 

No calibration is required to calculate the impact energy of the drop weight as the 

specific breakage energy is simply the potential energy of the falling drop weight. 
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These are assumed to be equal under the condition that the drop weight has 

negligible rebound velocity after impact. The height (in centimeters) to which drop 

weight is to be raised is calculated using Equation 4.1. 

h, = mE,. 
0.0272 Md 

Equation 4.1 

Because the drop weight does not come to rest squarely on the anvil due to the 

interference from post breakage fragments, this offset height has to be accounted for 

in the energy calculation. A standard convention is to regard this offset height to be 

half the geometric mean of the initial test particle size; thus for a particle of initial size 

-a cm +b cm the offset height would be calculated according to Equation 4.2. 

Equation 4.2 

Hence the calculated specific impact energy is calculated to be given by the 

relationship in Equation 4.3. 

E,. = 
!:Equation 4.3 

m 

Where 

Md- Drop weight mass 

m - Mean particle mass of specimens 

4.3 RESULTS AND DISCUSSION 

Drop weight tests were performed based on available material from the six variations 

of the gold ore and blue stone ore types discussed in Chapter 3 (see section 3.2). 

Ores were distinguished based on metallurgical names assigned to them during 

testing (see Table 3.2) and separated into size fractions named small (-16mm 

+13.2mm), medium (-22.4mm +19mm) and large (-31.5mm +26.Smm). In line with 
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the standard experiment, drop weight test energies 0.25, 1 and 2.5 kilowatt 

i>:Jursltol1e and 15 lotal partides per energy, were used on the g~d orB types 

As the available material was lirl~ ted, no drop weight tests could be performed on 

AG1-R ore, arxi only 1 energy was u~ed for AG2-R in the large (-31.5 +26.5mm) size 

fraction. T8St~ with l>ue ~tone took ,"ace only in the large size fract ion at 0.2, 0.6, 1.6 

and 2 kilowatt hours/tonne, with the 15 particles used per energy. Breakage size 

distributions for the (lnguiar and rounded g~d ores are dis~ayed in Figure 4.1 to 

Figure 4.3. It can be observed that the distribution beCGmes gradually finer with 

increase in bmakage energy and decreasE! in particle size as i~ to be e)(pected 
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Figure 41 Drop weight test size distribution for AG1-R ore 
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Figure 4.3' Drop weight test size distnbution for AG2-R ore 
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The A.b parameters 01 all ore types were calculaled according to the method 

described in Section 3.4, and these are provided in Table 4.1 Closely similar values 

were observed by fitting the standard breakage rnodei and the modified model to 
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t>reakage data. The fit uSing the Shi-Kojovic t>reakage model however. was noted to 

yield consistently higher A.b hardness values, likely attributed to the offset introduced 

by the minimum energy to breakage Eo in the equation. As the lowest energy lor drop 

weight tests was 0.25 kWhit the fitted values of Eo were merely e!liimates for the 

particular ores types The low A.b values indicated that all the ore types were of a 

brittle nature showing in the hard to medium hardness range (see Table 2,3), 

Table 4,1: Relative % increase in calculated Ab parameters from Drop weigrt test 

A.b re ,ult, 

MET no Standard eq, Modified eQ. % increase 

AGI-A 45,9 47.7 B 

AG?-A 310 33.8 '0 
AG1-R 39,6 40.4 '.0 
BS-A 44.4 46.7 " BS-R 43.8 46.1 B 

Table 4.1 shows the percer1tage increase between the A,b values obtained from 

lilting breakage data to the standard model with that 01 the rTlCI(!lfied model As 

observed from these calculations. AG2-A ore showed the highest percentage 

increase in Ab while the other ore types showe(! 2-5% increas& be/lNeen the 

standard and modified rTlCI(!el. This showed a good correlation between the two. 

, 

~ ; , 

AG2-R IIS-A liS-II 

Figure 4.4: Bar graph of A,b values for drop weight data calculated frOm two models 
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The harder of the two angular ore types was the AG2-A are. Results also showed 

that the rounded particles decreased in hardness from an A,b value of 310 to 39,6, 

which gave credence to the assumption of gradual particle weakening (see Section 

2.5) as the are was subjected to a high stress milling environment For the blue 

stone, little difference was Observed between the A,b values of the angular and 

rounded geometries. This showed that the milling environment under which these 

particles were rounded (see SectiOfl 3.2) did not significantly affect their hardness. 

The va lue of A indicates the theoretical maximum breakage degree to which an ore 

can fracture, while the value of b indicates whether the ore fractures toward this 

maximum degree gradually over an increasing energy range or rapidly. These 

hardness parameters were calculated by fitting t '0 curves to breakCljje data following 

the procedure discussed in Section 3.4. As the A and b values for both equations 

were closely sirrilar, these CLKVes were found to closely overlap as shown in Figure 

45 to Figure 4,7. 

Figure 4.8 shows the best model ClKYes fitted to data for the single size (-31 5 

+26,5mm) tested for BS-A and BS-R. As observed in Table 4.2, because the Aand b 

values obtained for each geometry were closely identical, a single curve could be 

used to fit both geometries using both the standard and mcxJified breakage model. 
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Figure 4 5: Drop weight test t,o curves for AG1-A ore 
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Figure 4.6: Drop weight test t10 curves for AGZ-A ore 
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Figure 4.7: Drop weight test t," curves for AG2-R ore 
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Figure 4.8: Drop weight te5t t", CllrVe~ fur BS-A and BS-R ore 

Table 42: CalClllated A and b breakage parameter~ fur DroP wiiight lest 

Gold ore , -'--
13.2 ·16mm IS) 64.39 (US 

~ ~ 

19 -22.4mm M .. " D.G!> 
AG 1-A ~ 

26.5 ·31.5mm (L) 6478 0.16 

St~nd~rd model fit 64.39 0.71 
B.2·16mm (5) 6032 .0.49 

AG2-A 
19 ·22.4mm (M) 60.32 0.& 

26.5 -~1.5mm L) 60.32 0.56 

[-
Standard model fit 60.32 tr.51 .. 

I B.2 _~16mm IS) 76.04 0,46 

AG1-R 
19 -22.4mm (M) 6891 0." 
26.5 -31.5m";:'{L) ~ . 
St~ndard model fit 69.31 0.57 

Blue Stone 26.5 -31.5mm (L) , b 
BS1-A A.ngul~ r 63.47 0.7 
BS2- R Rounded 63.44 OB, 

Table 4.2 shows the value5 of A and b ubtained with the staooard JK breakage 

model As the partide size effect i~ nut considered in this model, independent curVe5 

were fitted fa- each particle size das5 ~o that the size specifIC vaiues of A and b for 

this model could De compared against the conventional si ze independent values. It 

was noted lhat while the maximum Ixeakage degree A remained relatively consistent 
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the value of b was different bebNeen sizes of individual ore types. The trend noted 

with gotd ore types in the t", curves from Figure 4.7 to 4.8 was tha t for energies 

below 1 kWh'! breakage degree was similar across all three sizes. For 2,5 kWh!t 

larger breakage degrees were consistently obtained for the largest Size and whi le the 

lowest value was for the smallest. Also noted was that the hardest ore AG2-A had 

the lowest maximum degree of fracture, indicated by the lowest A value, while AG1-A 

had the highest maximum degree of fracture. A bar graph of A,b values for each 

particle size comp<lred against the standard fit are dis~ayed in Figure 4.9 

• • 
• < 

Figure 4.9: Bar graph of Size speci~c Ab parameters from drop weight test 

A ~ot of P80 values for each particle size was plotted to fr.rther inve!lligate the size 

effed (Figure 4.1 0). It was observed that PSO increased steadily with particle size All 

gold ore types exhibited this tendency particularly below 1 kWhlt where a sharp 

almost linear increase was obtained, whereas at higher energy levels this product 

size tended to level out with a lower gradient. 
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Figure 4.10: Graph of PSO sizes for gold ore obtained from drop weight experiments 

Figure 4 11 shows a graph of P80 sizes for blue slone ore at tile breakage energies 

tested to compare the effect Qi geometry on this size. The P80 decreased similarly 

between both geometries, highlighting further that ore geometry had little effect on 

breakage results for the drop weight test 
--- --
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Figure 4.11: Graph of PSO sizes for blue stOlle ore from drop weight tests 
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TO compare relative Orealmge fineness between gold ore types, breakage 

distributions for each size were plotted and displayed from Figure 4,12 to Figure 

4 14, w ri ch showed simi larity to results of the calculated hardness parameters (Table 

4,1). The harcest ore AG2"A was seen to consistently fracture into coarser fracbons 

at similar energies across all sizes, while the weakest ore AG1-A usually separated 

into the finest fractions This resu lt was observed across all three size fractions 

A summary of all drop weight test results can be found in Section 7 1 
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Figure 4,12: Drop weight test breakage distributions for gold ores in small size class 
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Figure 4.13: Drop weight test breakage distrilxJtions lor gcHd ore in medium size class 
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Figure 4_14: Drop weight test breakage distributions for gold ore illiarge size class 
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CHAPTER 5: Split Hopkinson Pressure bars 

CHAPTER 5 

SPLIT HOPKINSON PRESSURE BARS 
"'g'" .. 

Overview 
This chapter provides results of the work using split Hopkinson pressure bars. 
Following a brief introduction of the history behind the device and its use in 
comminution research, the technique and theory behind the method is discussed. 
The experimental procedure and results are then presented with accompanying 
discussions. 

5.1 BACK GROUND AND APPLICATION TO COMMINUTION 

The basic principle behind the Hopkinson bar is originally accredited to Bertram 

Hopkinson, who following on from the work of his father, developed the technique to 

measure pressures from dynamic events such as the impact of bullets{28}. By the 

early forties, through a study of the shapes of stress waves propagating through 

metallic bars and the application of stress wave theory, he was able to refine the 

technique to accurately describe forces associated with high impact velocities. 

Later, Davies{15} and Kolsky{30} extensively modified the method to utilize two bars 

with test pieces mounted in between to further classify stress/strain responses of 

materials under load through measures of true stress wave transmissions and 

reflections through either bar. Kolsky's work in particular led to the apparatus being 

renamed the Kolsky bar in some scientific circles{26}, although the former is still more 

commonly employed as the standard name in tribute to Hopkinson1s original work. 

Hopkinson bars have been used in a wide range of configurations since then to 

measure tension, torsion and shear responses of materials at high strain rates, 

mainly in classifying deformation and failure properties of ductile materials such as 

metals and their alloys{15,47}. In comminution, the technique has proven useful as it 

allows for accurate description of forces, and in turn energies associated with both 

impact and the actual fraction of this that is absorbed by ore specimens. Thus, it has 

been used successfully in breakage experiments to determine properties from single 

samples, and has even been adapted for breakage of beds of partlbies using vertical 
bars{19,2Q,31}. 
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5.2 HOPKINSON BAR TECHNIQUE AND THEORY 

Experimental technique 

As highlighted in the literature review (see Section 2.4), the apparatus in its basic 

form consists of some form of launcher in series with two (usually steel) bars, one 

known as the incident bar and the other the transmitter bar, both affixed with strain 

gauges, the sample loaded in between either bar. A photograph of the apparatus with 

an accompanying schematic is given in Figure 2.B. 

At the Blast Impact and Survivability Research Unit (BISRU), University of Cape 

Town, a pressure controlled gas gun is used as the launching mechanism. The firing 

tube of aperture 20mm allows for a cylindrical striker of up to BOOmm length to be 

loaded. To prevent misfire, a back pressure is set in the gun which closes the exit 

valve in the firing chamber. This pressure is typically set by the operator to about 

10bar (1 Mpa), which is usually higher than the firing pressure, although if a greater 

firing pressure is required it should be set higher. An available gauge monitors this 

pressure as it tends to decrease slightly after several firings, hence it should be 

constantly maintained. Firing pressure is set using a winch handle and 

accompanying pressure gauge to a desired value, after which to launch the striker a 

pre-trigger switch is lifted and trigger button depressed. A digital oscilloscope in 

trigger mode captures signals from two photoelectric diodes mounted around the 

firing tube, each of which is coupled with a light emitting diode. The recorded time 

between the change of state of either diode when the light path is broken by the 

striker, together with the known trap gap distance, or length between either diode, 

can be used to calculate the striker velocity and hence the kinetic energy of the 

collision. 

Impact of the striker face against the incident bar face, if the two cross-sectional 

areas are equal, generates an elastic collision where half of the available striker's 

kinetic energy is transferred to the bar in the same form. The remainder is converted 

to strain energy and propagates along the bar as a stress wave; with negligible 

rebound velocity of the striker{26}. The length of the striker dictates the length of the 
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stress pulse and thus the impulse of the wave, where according to theory the length 

of the generated stress pulse is equivalent to twice the length of the striking rod{33}. 

Both incident and transmitter bars are axially aligned in series with the gas gun and 

firing tube by clamps with adjustment bolts in both vertical and horiiontal directions 

which hold the bars firmly to a rigid framework bolted level to the ground. These 

adjustment bolts are used together with a spirit level to ensure exact alignment of all 

apparatus and should be regularly tightened by the operator. Either bar is thus 

restricted in every direction but longitudinal in which lightly lubricatea Teflon bushings 

housed firmly in the clamps and machined to a rolling fit with the bars allow for free 

movement with negligible friction. 

Strain gauges are fastened on radially opposite sides of either baris surface at fixed 

distances from the end of the bars to minimize damage to them during contact 

events. These provide voltage readings directly proportional to the instantaneous 

stress values at their mounting point along the bar surface, which can be assumed to 

be equal to the stress through the epicentre provided the bars are not larger than 

roughly 30mm in diameter{19}. Following amplification by electronic Circuitry, these 

signals can be sent to a PCI card on computer which captures the readings as stress 

pulses fluctuate through the bars. LabView 7 Express, created by National 

Instruments, was the software used to provide continuous acquisitions of voltage 

readings, and can be configured to trigger mode to acquire and record a specified 

number of strain gauge readings over an entire loading duration. For atypical impact, 

the overall stress wave pattern from both strain gauges can be seen as illustrated in 

Figure 5.1. A text file is generated with all relevant test information, Including the time 

from the start to end point against corresponding voltage values of either strain 

gauge. 
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Figure 5.1: LabView Express interiace showing a typical toading event with the HPB 

Because the bars are axially aligned with the striker and restricted from movement in 

all other directions but tongitudinal, it is assumed that the stress wave generated 

propagates in only this measured direction and hence one dimensionat stress wave 

theory can be apptied!2<) By this interpretation instantaneous stress and strain in the 

specimen can be calculated, as welt as the strain energy associated with the various 

generated waves. 

Stress is proportionat to the transmitted stress in the second bar, where the point of 

sudden rapid decline is the maximum or yield stress of the specimen, and the first 

and second kinks in this wave are the yield point and work hardening fracture points 

respectivel/"'} As the specimen is now fractured, all subsequent stress waves past 

thiS point are caused by residual strain energy reverberating atong thfi bars. Strain is 

calculated t~ough integrating the refiacted stress wave for known spedmen 

dimensions white strain energy is found from the square of the integrated stress 

wave. Theory behind these calculations is now discussed further. 

University of Cape Town Centre for Minerals Research 67 

, 

• 



CHAPTER 5: Split Hopkinson Pressure bars 

Summary of relevant theory 

Figure 5_2 shows a typical plot of captured strain gauge readings during a breakage 

event. If the striker in this example moves from left to righi, a positive convention is 

assigned to the voltage to describe a stress pulse in this direction Whilst a negative 

sign is given to a stress pulse in the right to left direction, Thus, as observed from the 

signal obtained, the instantaneous voltage signal from the incident bar strain gauge 

gooerates both an incident wave toward the specimen and a refiected wave in the 

opposite direction, Interaction of the incident stress wave with the specimen occurs 

during the time between the end of the incident wave and the beginning of the 

refiected wave, and the strain gauge in the transmitter bar onty recei ves the fraction 

of the incident wave that propagates through the test piece. 

t-----·~"ic,.~·'·"·-----

' I 

, 
Roflod o. w ... , 

, 
-------- ---

Figure 5,2. Typical HPB readout with labeled waves 

Calibration of strain gauges can be done by several methods, For highiy dispersive 

waves, or waves that show a great deal of variation under continuous measurement, 

a method tmt calculates the momentlJlll balance between the striker and incident bar 

can be used_ By using fourier analysis, the scatter in these waves can be reduced 

following whch the velocities of the striker and incident bar prior to and aner impact 

are used for the momentum batance, This method, although found to be very 

accurate, is complicated and is usually applied when a great deal of wave dispersion 

is observed{33I, 
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For steady waves with little scatter, the average value of the maximum incident bar 

voltage can be calculated aM equated to the incident stress by a proportionality 

constant Using Ins method, a striker of known dimensions artd weigh! is launched 

against first the incident bar alone and then with the bar in direct contact with the 

transmitter bar. The two tests yield fully reflected and fully transmitted waves as 

shown in Figtlre 5.3 and Figure 5.4 which indicate in the first instance the maximum 

voltage pulse generated in the bar which should return in equal value as a reftected 

wave, artd in the second scenario a fully transmitted wave with negl ig ible reflection If 

the wave sh:lws partial transmission to the transmitter bar with notable refiection 

through the incident bar, this indicates an impedarx:e between the bars from different 

grades of material for either bar, and hence both bars would have to be calibrated 

singly. 
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Figure 5.3: Fully reHected wave with a single Hopkinson bar 
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, 

Figure 5.4: Fully reflected wave with two Hopkinson bars in direct contact 

From measurement of the striker's velodty uSing the trap gap distance and digital 

osdlloscope as descnbed earlier in this section, the velocity of the incident bar can 

be found by elastic contact theoryl"") to be given by Equation 5.1 

~ =V A, ( 
, 

• • A, +AJ 

v, - Incident bar's velocity 

V. - Initial Stnker velodty 

A, " Cross-sectional area of the striker 

A, - Cross-soctional area of the relevant bar (incident bar) 

Equation 5,1 

The incident bar's mass and dimensions are measured and used to find its density_ 

Pulse speed is then the length of the bar divided by the time taken for the pulse to 

travel this distance, calculated as the time on the recorded signal from the last signal 

of the incident wave to the first signal of similar negative value on the reflected wave, 
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TI1e fundamental equation of OI1e dimensiorJal stress wave theoryr26J as shown in 

Equation 5.2 is used to calculate the maximum stress in the incident bar 

(T, - Irlddent bar stress 

,. - Pulse speed 

V" -Incident bar velocity 

p - Bar density 

cr, = CV , p 
Equation 52 

From the recorded signal, the average maximum voltage can be calculated by taking 

the mean value of the signal over the time period when the incident wave is at jts 

peak. The calculated incident bar stress can then De divided by this average 

maximum to find the proportionality constant K which will be used ;:IS a calibration of 

the stress per unit voltage of the strain gauge, as is given In Equalion 5.3, 

Equation 5.3 

K - Proportionality constant 

V.~ - Average maximum Voltage from tl1e strain gauge 

As a precaution th€ theoretical value of K should t.>e calculated and compared to the 

experimental one, to ensure that the values do not deviate by more than 5%, which is 

the standard allowable error for most strain gaugesj
'!) The tl1eoretical value of K can 

be calculated from Equation S.4 

41:' EquationS.4 
K ---

.. h AB.I' 

E - YOOrlg'S Modulus of bars E= p , 

A - Am~ifier Gain A gain of 1000 is usually the standard 

B - Bridge factor 2 for the Wheatstone bridge circuitry 

V - Bridge Excitatioo Voltage Twice the supply voHage across too gauge 

F - Gauge factor Usually given for specific strain gauges 
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Because the transmitted stress is indicative of the portion of the stress wave that 

actually interacts with the sample and causes fracture, instantaneous stress in the 

specimen can be found by multipiying the voltage of this signal by the calibrated 

value of K. Instantaneous strains for these corresponding stresses can also De 

determined if dimensions of the test piece are known by first calculating the 

instantaneous length of the specimen over the duration of the stress wave. This is a 

sum of the original length added to the integrated wave velocities of both bars, as 

shown in Equation 5.5. Instantaneous strain at particular times is then found by 

taking the natural logarithm of the Quotient Detween the instantaneous length at that 

time with the original length. 

L(i ) -,- L" -I- J V, (ndl .,;. f V, (I Jdt 

r(li - Instantaneous length 

L, - Original specimen length 

V, (/) - The velocity of the incident wave 

V, (I) - The velocity of the transmitted wave 

Equation 5.5 

VelociUes of these waves are found using the fundamental OIle dimensional stress 

wave EQuatiOil 5,2. It should be noted that the strain gauge signals obtained occur 

both prior (in the incident wave case) and after (the transmitted and refiectad wave 

case). It is thus assumed that these stresses are eq LJ valoot measures of the actual 

pulse mteractiOil with the specimen at the ends of either bar, and thus a time shfl to 

move the incident wave forY.lard and the transmitted and refiected waves backward 

must De operated on the three waves to provide an assessment of the real-time 

response of the test particle. The incident bar time is increased by <ldding its original 

time to the time obtained by dividing the strain gauge distance by the wave speed 

through the bar, while the transmitted and refiected wave times are stifled backward 

by their original times minus the relevant strain gauge distances divided by the wave 

speed. This results in a force time interaction profile of the stre~s waves with the 

specimen as shown in Figure 5.5. 

University of Cape Town Centre for Minerals Research 72 



________ ,CCHCA~P_T~E~R 5: Spilt Hopkinso"''-"P"''o""~,e,-,b"c,,,-_~ ____ _ 

' H 
't--
,l----

o 
5.00E_04 

~, 

~,---
\ 

----- --

Figure 5.5 Stress time profile for all three tirnes shifted HPB waves 

Strain energy associated with each wave is found through calculating the work done 

by the wave for discrete tirnl! steps. which in summation lead to the squared integral 

of II-<:! wave as expressed in Equation 5.6. 

1': , - Strain energy of wave 

A, - Cross-sectional area of the relevant bar 

C - Wave trallSmissioo speed through the bar 

I' - Bar density 

Equation 5.6 

Thus the strain energy available to the spedmen to cause breakage is found by 

applying this equation to the incident wave, while the amount of this energy actually 

absorbed by the specimen duling the contact event is assumed from conservation of 

energy to be the difference between the available energy and thet of the outgoing 

transmitted and reflected stress waves, 
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5.4 RESULTS AND DISCUSSION 

The fol lowi ng pressure energy graph was derived using a series of impact 

experiments with the incident bar in direct contact with the transmitter bar together 

with the fiat end effectors 
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Figure 5.6: Pressure energy calibration graph for strikers used with HPB 

, 

Split Hopkinson bar experiments were conducted as explained in Section 3.3 on blue 

stone to calcLA ale standard strength properties and investigate trends in breakage 

properties which could not be calculated from other standard breakage tests. 

Experiments with cored c}'1indrical specimens of blue stone loaded co-axial ly with flat 

end effectors yie lded stress strain data which could be used to calculate its fracture 

properties. Figure 5.7 shows the stress-strain relationship obtained for coaxial and 

transversely loaded specimens. It was determined that the CUNes followed the 

conventional compressive load stress- strain relationship (see Section 2.2), showing 

a initial yie ld strength of approximately 120 MPa before finally fracturing at a ultimate 

compressive stress of 138 MPa. Assuming a linear relationshi fl over the elastic 

portion of the curve up to the yield point, the gradient of the CUNe or Young's 
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ModuluS was calculated to be 22.4 GPa, By comparirlg the strain of transverse 

loaded specimens with this data the Poisson's ratio was found to be 0.3. 

'" 
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o 
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Figure 5.7' Compressive strength data obtained with HPB tests on ~ue stone ore 

From these strength parameters, the partide breakage parameters as defined by 

Tavares and Kirlgi40
j (see Section 2.3) were calculated as listed in Table 5.1. Particle 

strerlgth of the specimen by the calculation is less than the yield stress of the 

material because the calculation considered the cross sectional area to be the 

geometric distance between loading p!jnts. The stiffness parameter calculated was 

wiHln the rarlge for brittle materials such as rock particles{"'} The particle fracture 

energy of 1 77 J for the average specimen weight of 40g meant an average specific 

energy of 44.25 Jlkg. 

Table 5.2 shows a nlJlllber of quoted particle fracture energies for different materials. 

Tlls showed that the fracture energy obtained for ~ue stone was between the 

expected ranges for quartz and mar~e specimens. 

Table 5, 1, Calculated fracture properties of blue stone ore 

Blue stone fracture properties from SHPB tests 
---- ---- , 
~~rticle s!rel2gth 87.57 MPa - _._----

Particle stiffness Gpa 24.66 MPa 
Particle fracture energy I 1.77J 
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Table 5.2: Quoted partide fracture energies for a number of materials!q 
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From calculation of these strength paralll€ters. the inherent inefficiency of partide 

breakage can De observed, TalJle 53 shOWS the average calculated input energy 01 

the Hopkinson bar against the energy absorbed by the specimen and the partide 

fracture energy, These values show that or~y 42,6% of available energy actually 

goes to the partide whilst only 32.8% of this is actually required to cause first 

fracture. the remainder being used in further breakage of progeny particles, kinetic 

energy. heat and sound, 

Table 5,3: Calculated utilization 01 impact energy with HPB (cored specimens) 

I c. Icul~t;;d (.;Iculated 
. 

0' (kWh!t) 
% 

Input energy " 0.0375 W" 
Absorbed ",-.erf,"'\, B 0.0160 " Fr~cture el"'r~y 

j--"- -'0:0123--' -

" , 1 ,77 

Table 5.4: Calculated utilizalion of impact energy wilh SHPB (blUfi stone parlicles) 

Geometry Input E 

kWh! t 

02M6 

0,2002 

Mean 

Eabsorbed .~ to _tj'_ 
'l', mm mm 

1.40 0.57 

__ ~_~tan~a.r~ cl~vi_a~i<:>ns 

~nput E E absorb&d .:.... t, 
kWh! t 

00113 

mm mm 

310 

39.4 1.65 064 0,0111 

104 042 

1.14 042 

TalJle 5.4 shows the average percentage energy absorbed by 37 angular and 44 

rounded specimens for the same mean input energy range of 0,2 kWh/I. Similar to 

results with oored specimens, the values showed that for either geometry, less than 

50% of the input energy was absorbed by the particles. Rounded geometries 

absorbed an average energy of 39 percent ".,;th ~ lower devi~tion olbout this fTl€an 

while angular specimens absorbed 31 percent As rounded spedmens tended to 
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absorbed an average energy of 39 percent, with a lower deviation al:iout this mean. 

while angular specimens absorbed 31 percent As rounded spedmens tended to 

absorb more energy for a given impact. a slight increase was obseNed in the t, and 

tlO obtained for this geometry. 

Nonnal distributions as shown in Figure 5.8 were plotted to further observe the trend 

in energy absorbed between the two geometries. where it was noted that rounded 

specimens tended to absorb more energy than angular specimens, and the fraction 

absorbed was of greater conSistency as observed from the higher peak and tighter 

band about their distribution 
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Figure 5.8: Normal distributions of energy ranges obtained from HPB tests 

Figure 5.9 shows the results of tests conducted to measure the effect of end effectors 

on the amount of energy absorOed by rounded partides under impact. II was found 

that fiat surfaces transferred slightly higher fractions of impact energy to specimens 

over an identical input energy range of 0.2 to 0.22 kWh/I. Either type of end effector 

transferred less than 50% percent of the impact energy to the specimen to cause 

fracture. 
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Figure 5.9: Percentage input energy absomed with each HPB end effector 

Experiments were carried out to investigate the duration of impact or impulse effect 

on the amount of energy absorbed by ore partides, This was calculated as the time 

period taken for the il1Cident wave to initiate and fall at a cut off of 0. 1V, Figure 5,10 

shows the impulse profiles of approximately 0,18,0.24 and 0,27mill i secOflds that 

were generated for the same firing pressure with the tt'lee strikers llsed, The profiles 

confirmed the result from stress wave theory that striker length was directly 

proportional to impulse!": , It should be ooted that these impulse times were the time 

taken to transfer the load and not the actual rate of particle deformatiOil or strain rate . 
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Figure 5.10: Typical Impulse profiles obtained with the three strikers used 
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For 10 specimens at the same calit:.rated energy range of 0.19-0.21 kWh/t, the mean 

amount of energy absorbed by each specimoo was calculated and plotted as shown 

in Figure 5.11. The variation in the mean values obtained was shown by error bars of 

1 standard deviation. The amount of energy absorbed by a specimen increased 

margirl<)lly VIJIth the duration of the time taken to transfer the load between the 

300mm and 450mm striker, while it remained fairly constant between lhe 450mm and 

OOOmm striker. 
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Figure 5.11' Comparison of percentage energies transferred with dlffererlt strikers 

The breakage degree from 70 single impact breakage experiments with rounded 

specimens was used to obtain the energy-size relationship shown in Figure 512, The 

t,o was plotted against the calculated energy absorbed by the spedmen and it was 

observed that the percentage increased as the amount of absorood energy from the 

available impact energy increased. The tests were carried out over the permissible 

impact energy range of the Hopkinson bars used, which ranged from 0.17 to 0.56 

kWhit. The standard JK t", breakage model (Equation 2.14) was fitted to tn s data 

where A and b values of 23 and 5A were obtained. The maximum degree of 

breakage from Hopkinson biJr tests from Hopkinson bar tests was noted to very low 

as breakage tests with this device generated little fine material 
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Flg ll'e 5.12. Plot of breakage degree against energy absorbed for rounded partiGies 

A similar graph as shown in Figure 5.13 was plotted to compare the breakage degree 

from single impact and incremental breakage tests. A series of incremental breakage 

experiments were conducted using 12 particles according to the pr~dure in Section 

3.3. 3 specimens were found to fracture in 2 impacts, with 4 specimens in 3-6 

impacts, 3 specimens in 7-10 impacts and 2 which fractured in 12 and 13 impacts 

This data was used to compare the breakage degree between single impact and 

incremental breakage. The t 10 values from incremental breakage tests were plotted 

against the single impact breakage data for the cumulated total amount of energy 

expended to cause breakage (Figure 5.13). It was noted that although the t", 

noticeably increased with the absorbed energy for single impacts, the breakage 

degree from incremental impacts relatively constant for the total amount of energy 

that had been absorbed by the specimen until fracture. 

As t", values obtained with the Hopkinson bars were low, the t, was also plolted to 

further compare this relationship (Figure 5.14), which belter illustrated that for the 

same amount of energy expended. incremental breakage appeared mUCh more 

ineffiCient than single impact fracture. 

A summary of all Hopkinson bar results can be found in Section 7.1 . 
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CHAPTER 6 

ROTARY BREAKAGE TESTER 

Overview 
This chapter is dedicated to the work done using the Julius Kruttschnitt rotary 
breakage tester. A brief introduction of the design of the device and its intended role 
in comminution research is given, fol/owed by a discussion of the technique and 
theory behind the method. Test results from both single impact and incremental 
breakage experiments with this device are then presented. 

6.1 BACK GROUND AND IMPLEMENTATION IN COMMINUTION 

RESEARCH 

The rotary breakage tester (RBT) was developed at the JKMRC as part of a P9N 

project to introduce a new breakage characterization device to complement the drop 

weight test as an ore characterization tool{46}. It was designed primarily to overcome 

several noted limitations of the standard drop weight, mainly the lengthy time 

required to perform tests, and the limited range of input energies achievable. Its 

rotor-stator impactor design, as described in the literature review (see Section 2.4) 

allowed for expedient testing of ore particles in similar size ranges to the drop weight 

and over a wider energy range. With its automated breakage mechanism, many 

particles could be processed in breakage tests to improve the statistical number of 

specimens over which material parameters would be calculated. 

As it has only recently been commissioned, its implementation in comminution 

research at this stage is minimal although initial experiments with the prototype have 

shown good correlation in breakage results with conventional drop weight tests{46}. 

6.2 ROTARY BREAKAGE TEST TECHNIQUE AND THEORY 

The working of the JKRBT can be broken down into three basic systems, namely the 

feed mechanism, impactor and the collection system, all of which are controlled by 

an onboard control panel. Figure 6.1 shows the overall schematic of these systems. 
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, 

, - feed hopper , - vibrilting feeder , - teed tube 
4 - rotor , - radial channcl~ , - stator , - collection chute 
B - Product bucket 
9 - drive motor & pulleys 
10 - control panel 

9 

Figure 6.1' Labeled schematic of JK rotary tlreakage tester''''') 

Particles are inserted at the top of the machine tr.-ough the available hatch, which 

drops them onto a vibrating feeder and leads them into the feed tube. As the particles 

corne to the bottom of the vertical feed tube, they are launched by the centrifugal 

force of the rotor along the horizontal radial channels until they impact against the 

anvil laces of the surrounding stator The interior of the impact chamber is designed 

such that the series of impact plates face the exit of these radial channels This 

ensures that the particles impact the anvi Is orthogonally to their directioo of travel':4r;j. 

By gravity, product partIcles fall to the collection chute which is radially inclined 

toward a product collection bucket. A vaClJum is also available to suctIon any finer 

material into the product bucket, which automatically switches on when the rotor is 

brought to a stop. 
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The main electronic circuit box requires a 3 phase power supply 6f 360V, which is 

used to supply power to all other components. The control panel is used to set rotor 

speed, which translates to impact energy, and can also be used to adjust the particle 

feed rate. At least 100psi (0.689 MPa) is required to supply compressed air to the 

pneumatic feeder. Lubricating oil is also required and should be maintained by 

monitoring the oil level indicator. 

Summary of relevant theo,y46} 

Specific input energy for an impact with the RBT is the kinetic energy per unit mass 

of the particle. As kinetic energy (0.5· m . v2
) has a mass component by definition, 

this means that for a given ore particle, its impact energy is independent of mass and 

only depends on the particle speed. 

The rotor spins at a constant velocity and particles travel a relativeiy short distance 

after leaving the radial channels to the stator. Thus it is assumed that the velocity at 

which particles leave the rotor circumference (Vp) is the impact velocity of the 

specimen. If this velocity is also assumed to be horizontal, it can be resolved into two 

vector components, radial (Vr ) and tangential (V I). 

Equation 6.1 

If the radial velocity is expressed as a fraction of the tangential velocity, the particle 

velocity can be represented by a constant C multiplied by the magnitude of the 

tangential velocity. 

Equation 6.2 

The tangential velocity of the particle is simply equal to the rotor speed, or as 

expressed in Equation 6.3, the expression for the particle speed in meters per 

second can be written as 

,', .. ~',". 
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21tNr 
V=--

I 60 

Equation 6.3 

Where N is the rotor speed in rpm, and r is the radius of the rotor. Equation 6.4, an 

overall expression for the specific energy of the impact in kilowatt houts/tonne, is 

then derived. Calibration of the machine requires determining the unknown constant 

C, which is done by high speed camera tracking of particles. 

Equation 6.4 

6.3 RESULTS AND DISCUSSION 

Single impact and incremental breakage experiments with the rotary breakage tester 

were carried out according to the procedure outlined in Section 3.3. Single impact 

breakage tests were performed on two standard breakage energy levels to compare 

the breakage degree with that obtained from drop weight tests. Incremental breakage 

tests were conducted to determine the values of Eo and Ecrit for blue stone and gold 

ore. Ores were segregated based on metallurgical names assigr'i~d to them during 

testing (see Table 3.2) and separated into three size fractions small (-16mm 

+13.2mm), medium (-22.4mm +19mm) and large (-31.5mm +26.5rnm). 

1- Single impact breakage 

Two energy levels (1 and 2.5 kWh/t) were selected from the standard RBT breakage 

values, with the conventional number of 30 particles used in eaCh experiment. 

Figures 6.3 to 6.8 show the breakage distributions that were obtained for tests on all 

the ore types. Similar to results from the drop weight tests, it was observed that the 

distribution became gradually finer with increase in energy and decrease in particle 

size. 

University of Cape Town - Centre for Minerals Research 85 



CHAPTER 6 Rotary bfeaka~ tester 

- , 

• 
~ 

• , 
j " , , / 
l 

! 
, 

, 
• 

I • • , , 
• • , , 

" 
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Figure 6.4 RBT particle size distrilxitions for AG2-A ore 
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Figure 6.5: RBT particle size distributions for AG2-R ore 
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Figure 6.7 RBT partlde size clistril)uhons for BS-R ore 

For AG2-R ore 5uflicioot material was available to perform experiments at the three 

standard breakage energy levels and determine the Ab hardness parameter. 45.6 

was obtained using the standard equatiorP'l, with a value of 47.6 with the modified 
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Shi-KoioviC equation!"! (see Section 2.5). As shown in Figure 6,8, both breakage 

models were fitted to the data obtained, and the modified equation was found to give 

a slightly higher grooie!lt than the standard equatiOll. As Eo is incorpmated in this 

model, the yalue of b marginally increased, which led to the observed dissimilarity at 

higher energy leyels. Similar to drop weight test results, it was noted that breakage 

degrees at energies below 1kWhit were cOllsistent for all particle sizes while at 

higher energy leyels larger particle sizes tended to generate higher values. 

• 
"·n ......... ' 

• • 

-~ .. --
" • 

j! .. . 1- ""'..-- __ _ , 
• 
• 

" 

• • u .. 
Figure 6.8' tv, curve for AG2-R ore 

A series of experime!lts were carried out with blue stOlle to inyestlgate the deviatiOll 

in size distrit::ution from 6 groups of 5 partides each subjected to breakage, Each 

group of particles was screened and weighed independently and the total masses 

were added up to give Ihe total average distribution for 30 particles. Table 6.1 shows 

the averages and standard devialions that were obtained for either of the Iwo 

geomelries, 

Table 6.1: Mean and deviation in distributions of angular and roUnded partides 
--

" " '. 'w 
Me~n &'" M' 34.6 27.2 

Ar~ul~r -_.-
5td dev 11.3 " 11.2 10.6 '- , 

Me~n 58.5 30,8 18.0 16.5 __ 
Rounded 

5td dey " '.0 " V 
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Figure 6.9 and Figure 6.10 were plotted to further observe the results for both 

rounded and angular geometries respectively. It was observed tllal the scatter from 

rounded specimens was much less than from angular specimens, which tended to 

give greater standard deviations in breakage results, as shown in Table 6.1. In these 

graphs the red square represented the average distribution for the particular degree 

of breakage of from the Six tests. From these results the significance of the number 

of particles over which results were calculated was also highlighted. 
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Figure 6.9: Comparison in PSD scatter of BS-A (Angular blue stone) 
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Figure 6.10: Comparison in PSD scatter of BS-R (Rounded blue stone) 
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/I-Incremental breakage 

AS the procedure for incremental breakage tests was developed for this work, 

experiments were conducted to esta~ish the number of specimens sufficient to 

provide statistically relevant breakage data. Rounded particles of ~ue stone were 

used for these tests as they had been fouf1(1 to give more consistf!nt breakage data 

(see section 6.3 - I) and the same hardness as angular specimens (see section 4.3). 

For these experiments. five tests at 0.167 kWh/to an intermediate energy level 

between Eo and E"" were repeated with 1 00 partictes in each test. 

Table 6.2 shows results of the repeatability tests. The coefficient of variation (COV). 

or relative percentage of standard deviation over mean, from theBe repeata~lity 

experiments was calculated for the breakage probability, t,o. and P80 sizes. It was 

determined that 100 specimens gave an acceptable range of error in results. and 

thus for all incremental breakage tests this number of particles was used. 

Table 6.2' Deviation in calculations from repeated RBT tests lllith 100 specimens 

Mean 

Standard d€IIiJtion 

cov Std !lev/Mean (%1 

ProbJbility (%) 

68.70 4,47 

0.20 

" 

_P80 (mm) 

24.80 

0.79 

" 
ACGOrding to the procedure described in Section 3.3, incremenli:ll breakage tests 

were conducted on blue stone and gotd ore across five energy levels determined to 

be below E"" For tests lllith AG2-R ore. the cumulative total breakage probability 

frorn the original starting mass was plotted against number of impacts as shown in 

Figure 6.11. For the energy levels and number of impacts tested, the total breakage 

probability increased steadily with each impact, which implied that a probability to 

breakage mod~ could be established over a given number of impacts at a particular 

energy level This nHxJeI would then be used to define E"" as the ~nergy Galculated 

to cause single impact breakage for a particular breakage probability. 

The model chosen to fit this data was based on the same form as the Vogel and 

Peukeli relationship (Equation 2,17). modiiied to the form given in Equation 6,5. This 

was a simplited form which related the probability of breakage (SI to the number of 

impacts k, with the other parameters combined into a constant c 
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Figure 6.11: ClIITlulative total breakage probabilities at sub critical energy levels 

Equation 6,5 

The va lue of c was found as a function 01 the input energy, where the values were 

calculated for the three energy levels as shown in Table 6,3. Parameter G was found 

to be a linear function of the Input energy passing through the origin with a gradient 

of 8.2. as shown in Figure 6.12 
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Figure 6.12' Relationship between G and input energy 
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Tabje 6.3: Calculated values of funclion c frorn t>reakage tests 

Enerqy c 
0_013 0_0848 

0.047 0.4248 

0_091 0_7302 

If the slope was defined as a constant flor a partic .... ar probability to breakage frorn a 

single irnpact (setting k=I), Equation 6_5 coold De inverted to sOlve for the critical 

energy E,,,, as a function 01 t>reakage probaDilily (S), as given in 

Equation 66 

E ~ln(1-S) 
,n/ r Equation 6,6 

Thus for a probaDility of breakage of 90%, an Ec,;' 01 0.281 kWhit was obtained for the 

AG2-R ore, where the slope fwas 8.2. For the Diue slone a slope 016.7 was obtained 

which gave an E", of 0.344 kWh/I. 

The values of E,. and f,nal were calculated frorn fitting the Vogel-Peukert probaDility of 

breakage model (Equation 2.17) 10 RBT data. These were solved simultaneously for 

the fllli range of incremental irnpact data. Each set of curves for a dlffllient number of 

irnpacts intersected the x"axis at a slightly different point offset by the value of Eo 

between each curve, In order to overcorne this, the effective cllll1 .... ative speciflc 

energy E" - Eo was ~otted against probability of breakage as ShoWfl in Figure 6.13. 

The curve showed a good fit to the experimental data. 
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FiglJ'e 6.13: Probability to t>reakage model fitted to data from AG2-R 
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The same method was applied to r.t breakage probability data of incremental 

breakage tests on Dlue stone as plotted in Figure 6.14. The curve for blue stone 

f~lowed a similar trend although the data for this fit was ~mited. 
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Figure 6.14: Probability to rn-eakage model fitted to data frum BS-R 

A summary of these fitted parameters is provided in Table 64 

Table 6.4' Parameters used to fit probability of breakage data 

For AG2-R ore, Figure 6,15 was plotted to compare the degree of ti reakage of single 

impacts with that of increillenmi breakage. While the \'0 values from single impa.:;ts 

increased steadily with energy, these values lor the same energy expended for 

incremeolallxeakage remained low It was thus observed thai incremental breakage 

was much less efficient than single impact breakage, that is, it was considerably 

IlXlre benefidal to break a particle in a single impact rather than with a number of 

lower ~nergy impacts_ The modified t1C eqwtion (Equation 2.18) was filled to the 

siogle impact breakage data to compare the value of Eo from tt~t obtained from 

fitting the full range of incrementat breakage data A value of 0.0098 was obtained for 

En, which highlighted that in order to accurately ~t this parameter a full range of 

incremental breakage data was more beneficial. 
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Figure 6.15: Plot of t" against e)(pended energy for incremental breakage with RBT 

Figure 6.16 was plotted to show the inverse ratio of t", values with an increasing 

numt>er of impacts lor the same cumulative energy input estimated by successive 

equal energy impacts. It emphasized the penalty associated witt> multiple impacts 

relative to single impact breakage, as exposing a partide to a distribution 01 smaller 

impacts expended the energy for negligible breakage 

A summary of all RBT results can be found In Section 7.1. 
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CHAPTER 7 

SUMMARY AND COMPARISON OF BREAKAGE 
RESULTS 

Overview 
This chapter summarizes the results of the work carried out with ali three devices. A 
comparison of the breakage data obtained across these is then discu$sed. 

7.1 SUMMARY OF RESULTS 

Breakage experiments were carried out with all three devices to address the 

objectives outlined in Chapter 1. Single impact breakage tests wete carried out on 

two rock types using the drop weight test, split Hopkinson pressure bars and rotary 

breakage tester. Incremental breakage experiments were also conducted on these 

two rock types with split Hopkinson pressure bars and the rotary breakage tester. 

Drop weight test 

Single impact breakage tests with the drop weight tests yielded the A and b hardness 

parameters for the ore types investigated (see Table 4.1). These Were calculated 

using both the standard JK breakage model and the modified Shi;;.Kojovic model. A 

low percentage difference was found between the values obtained With either model, 

although the modified equation consistently gave higher Ab values than the standard 

equation. Hardness values with the conventional model were found to range between 

31 and 46 which corresponded to between hard and medium according to the 

JKMRC database(see Table 2.3). AG2-A was found to be in the hard range of 30-38 

with an Ab value of 31.0. The rounded variation of this ore, AG2;;~ (collected from 

the AG mill), was calculated to have a higher, moderately hard vaiue ranked in the 

38-43 range. This suggested that rounded pebbles which had been subjected to high 

stress rounding had become weaker than angular particles. Ab values for AG1-A, 

BS-A and BS-R were 45.9, 44.4 and 43.8 respectively, found to lie in the medium 

hardness range of 43-56. 

Little difference in t10 was observed at drop weight test energies below 1 kWh/t. At 

this energy, particles of the three sizes investigated were found to fracture to similar 

breakage degrees across all the ore types. For 2.5 kWhlt and above however, a 
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slight difference was observed in t10 values for different particle Sizes, with larger 

sizes always tending to fracture to higher breakage degrees. With the standard 

equation, size specific model fits were plotted and compared to the conventional size 

independent fit with this model. The differences between these shoWed the particle 

size effect to have an influence on breakage. P80 values for the goid ores at each 

size were compared over the energy ranges tested, and the noted trend was an 

increase in P80 as particle size increased. This further illustrated a particle size 

effect. Tests with blue stone to compare the effect of ore geometry on breakage 

degree showed no distinct difference in breakage degree between either geometry 

for the energy ranges tested. Both angular and rounded geometries gave similar 

breakage results over the full energy range tested, showing that the conditions under 

which angular particles were rounded did not affect ore hardness, 

Split Hopkinson pressure bars 

Experiments with cored cylindrical specimens were used to estabil§h the ultimate 

compressive stress (UCS) of blue stone, which was found to be 138 MPa. By further 

calculations the Young's modulus and Poisson's ratio were found t6 be 22.4 and 0.3 

respectively. Strength parameters as put forward by Tavares and Klng{49} were also 

calculated where the particle strength and stiffness and were found to be 87 MPa 

and 24 GPa respectively. The particle fracture energy was found to be 44.25 J/kg 

which was shown to be in the expected range for quartz and marble particles. 

Single impact breakage tests with split Hopkinson pressure bars showed a difference 

between the mean energy absorbed by angular and rounded speCimens of blue 

stone at identical energy ranges. Rounded geometries absorbed 39% whilst angular 

particles absorbed 31 % of available impact energy to cause fracture. Rounded 

specimens were also found to give greater consistency in the frabtion of energy 

absorbed during impact relative to angular specimens. For all speCimens tested with 

the Hopkinson bar, it was observed that specimens absorbed ie~s than 50% of 

available energy to cause fracture. 

The effect of end effector geometry on the energy transfer to the particle using 

Hopkinson bars was investigated using rounded specimens of blUe stone. It was 

found that flat surfaces transferred marginally higher percentages of impact energy 

than rounded ends over an identical input energy range. 
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Single impact breakage tests were also carried out using strikers of three different 

lengths to investigate the role of impulse, or duration of impact, on particle breakage. 

The amount of energy absorbed by a specimen for similar impact energy increased 

with the duration of the time taken to transfer the load between the 300mm and 

450mm strikers, while it remained fairly constant between the 450mm and 600mm 

strikers. 

Breakage degree was found to increase with increase in absorbed Impact energy. 

To compare the efficiency of single impacts against incremental impact fracture, 

breakage degrees were plotted against the total energy absorbed by particles for the 

number of impacts required to cause breakage. Breakage degrees steadily increased 

with absorbed energy for single impact breakage whilst these values remained 

similar for the same cumulative energy absorbed over severell impacts. It was 

concluded that incremental breakage was an inefficient method of breakage relative 

to single impact fracture. 

Rotary breakage tester 

Single impact breakage experiments were conducted with the rotary breakage tester 

at 1 and 2.5 kWh/t to investigate the breakage degree versus Impact energy 

relationship with the device. It was observed that breakage distributions from these 

tests became gradually finer with increase in energy and decrease in particle size. 

For rounded AG2-R gold ore, A.b values of 45.6 and 47.6 were obtained with the 

standard and modified models respectively. Below 1 kWhlt little difference was 

observed in breakage degree between particle sizes, whilst at 2.5 kWh/t larger sizes 

showed distinctly higher tlO values. 

To investigate the statistical significance of the number of specimens used for 

breakage tests, 6 groups of 5 particles each were subjected to breakage against the 

standard number of 30 particles in each test using blue stone. It Was observed that 

the scatter from rounded specimens was much less than from angular specimens, 

which tended to give greater breakage consistency. From these results the 

significance of the number of particles over which results were calculated was also 

highlighted. 

.'-. 
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Incremental breakage experiments on AG2-R were conducted at energy levels 

between Eo and Ecrit and it was found that the probability of breakage at a particular 

energy for each impact remained relatively consistent. A model (Equation 6.5) similar 

to the Vogel-Peukert relationship was fitted to this data and it was established that 

the gradient from this model was a linear function of the input energy. This model 

was then used to define Ecrit as a function of breakage probability. 

Ecrit was calculated at 90% breakage probability by fitting this model to the whole 

range of incremental breakage data for AG2-R ore. An Ecrit of 6.281 kWhlt was 

obtained for the AG2-R, while an Ecrit of 0.344 kWhlt was calculated for blue stone by 

fitting this model to a single set of single impact breakage data. The values of Eo and 

fmat were calculated from fitting the Vogel-Peukert probability of breakage model 

(Equation 2.17) to RBT data. AG2-R was found to have an Eo of 0.00366 whilst Eo for 

BS-R was 0.0464. 

The rotary breakage tester further illustrated the inefficiency of incremental breakage 

relative to single impact breakage. For similar amounts of energy expended, the 

breakage degree from multiple impacts was observed to remain fairly low while that 

of single impacts steadily increased. 
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7.2 COMPARISON OF BREAKAGE RESULTS ACROSS THE 
THREE DEVICES 

For the three devices in this work. distinctly different methods were employed 10 

calculate partide fracture properties from their breakage data. The basis for 

comparison be!\Neen these devices therefore was chosen to be the t10 breakage 

degree obtained over similar energy ranges. 
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Figure 1.1: Over1ap in impact breakage energies across the devices for blue stone 

Figure 11 shows a plot of breakage energies at which single impact breakage tests 

With the -31.5 +26.5mm Size of BS-R overiapped. The t10 was plotted against tt~s as 

the basis to compare breakage between the devices. From the values calculated for 

0.2 and 0.26 kWh/t (Table 11), the breakage degree for the Split Hopkinson pressure 

bars was found to be much lower than for the other two devices. From the tests 

carried out with the !\No devices used for tris worlo; the RBT was found to give 

consistently t"Mgher t" values than the drop weight test It is not known whether tt~s 

device was part of a Round Robin test series at any time. The drop weight test was 

routinely used lor routine experiments verified by the JKMRC. The RBT that was 

used lor tt~s worlo; was newly comrl~ssioned 
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Table 7.1. Comparison of t" values for similar breakage energies with the three 

devices 

Erler W {kWh/II e., 0.25 

Device no '" - ---
1%1 1%1 

ew; ,'" n 
SHPB I 1.40 H -_ .. 

"" 
, ;W "' 

Product distriDutions for the three devices at this similar energy level were plotted in 

Figure 7.2 It was observed that although the Hopkinson bar had a smaller top siz:e, 

little material fractured beyond the 1 Dmm screen size relative to th., crop weight and 

rotary breakage tester. 

' 00 
l~lJWI 

~ , 

I ..... SHPB 

so ---- - - - -. -- .---.---- -----.---

'" 
'" 

'00 

Figure 7.2: ComP<lrison of size distributions for each device over a similar range 

This result was attributed to the mode of loading by the Hopki li son bar As the 

particle was subjected to point loading with this device. it showed" high degree of 

initial fracture. For the other devices however, the particles fractured against a static 

surface, which resulted in finer product while for Hopkinson bars. ilftef initial fracture 

the remaining energy dissipated through kinetic energy of the transmitter bar and 

reverberating stress pulses in the bars. 
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To compare the degree of breakage i:>etween the drop weight test and rotary 

breakage tester, the standard deviation over the mean of the t,o vatues was 

calclAated. This reiaUve variation in 110 values was calculated at identical energies for 

gold ores as shown in Table 7.2. From tests with the two devices used. the RBT was 

observed to consistently generate higher tlO values across all sizes and energies. 

TaDie 7.2: Percentage values of t", and variation between Drop Weigh! and RBT 

tests 

Size (mm , 
Small 

(-16+11.1 

Medium 
(-12.4+19 

, 
, 

large 
(-31.5 +20 " 

~ 

~--~ 

Or" Iype 

AG1-A 

AG2-A 

AG2-R 

AGI-A 

AG2-R - -_.- ~ 

AGI-A 

AGI-A 

1 kWh/I 

,~ "eo 
Ito I" 

32.3 35.4 

23.1 28.0 

27.1 eo, 
~-~.-. -

32,3 42.4 

32,0 37.0 

>I.e 35.4 

26.8 32.7 

~. 

- ~-
~ 

2 kWh!t 
SId dev/ 

i '" ",/ 
Mean DWT _ RBT Me~n 

I, I" 

" 53.8 66.6 I 15.0 

13.5 41.8 52.8 16.5 

20.9 52.0 58.0 " 
19.1 '>0.' 59.5 11.0 

11.3 53.7 &U 13.0 

u 55.9 ", ;.0 

14.2 47.2 61.4 18.5 

Although the h was coosistently higher with the RBT, over'all particle size 

distril>utions generated by either of them for identical energies were seen to vary as 

shown in Figure 7.3 and 7.4. DisttiDutions of AG1-A gold ore were compared as it 

was the only ore type for which all sizes were tested with I:>oth devices at identical 

energy Differences were observed in distributions above the P50, w hile below this 

mark they grew gradually similar, with the RBT conSistently generating finer material. 

Due to this result. the standard model Ab parameter found with the RBT for this 

rounded gold ore type was higher. wilh a value of 45.6 obtained compared to 39.6 

with the drop weigh! 
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Figure 7.3: Particle size distributions of AG1-A ore for OWT and RBT at lkWhit 
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Chapter 8: Conclusions and Recommendations 

CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS. 

Overview 
This chapter concludes the thesis and offers recommendations for future work. 

8.1 OBSERVATIONS MADE FROM EXPERIMENTAL WORK 

The objective of this thesis was to test two hypotheses related to assessment of 

impact breakage in comminution. For this work, single impact breakage tests were 

carried out on two rock types with the drop weight test, split Hopkinson bars and the 

rotary breakage tester. Incremental breakage experiments were also conducted on 

these ores with split Hopkinson pressure bars and the rotary breakage tester. 

Drop weight tests on gold ore were used to calculate the A arid b hardness 

parameters using both the standard JK breakage model and the modified Shi-Kojovic 

model. The modified equation gave consistently higher A.b values for all ore sizes 

and energies tested, although little difference was found betwsen fitting the two 

models. A 2-5 % percent increase was found in the A.b value with the modified 

equation for all ores except AG2-A which gave the highest difference of 9%. 

Split Hopkinson pressure bars were used to establish the ultimate compressive 

stress of blue stone through single impact breakage tests. From calculations using 

one dimensional stress wave theory, particles were found to absorb less than 50% of 

the available impact energy during fracture. Cylindrical specimens had the highest 

mean percentage of absorbed impact energy of 42.6%, followed by rounded and 

angular specimens which absorbed 39.4% and 31.0% respectively. 

The rotary breakage tester was used to conduct incremental breakage experiments 

with blue stone and gold ore. The probability to breakage at the impact energies 

tested was found to remain relatively consistent over consecutive impacts. This 

showed that a model could be fitted between the cumulative probability to breakage 

and the number of impacts at these energy levels. This showed that a model could 

be used to establish the probability of breakage as a function of Input energy and 

define an equation for Ecrit. 

University of Cape Town - Centre for Minerals Research 104 



Chapter 8: Conclusions and Recommendations 

The values of Eo for blue stone and gold ore were calculated to be 0.0464 and 

0.00366 respectively. Ecrit for 90% probability to first impact breakage for these two 

ores was 0.344 and 0.281 respectively. 

It was found that incremental breakage was much more inefficient thEm single impact 

breakage. From tests with both split Hopkinson pressure bars and the rotary 

breakage tester, breakage degrees for single impacts increased rapidly with increase 

in breakage energy whilst the breakage degrees obtained from incremental breakage 

tests for similar amounts of energy expended remained low. 

In comparing breakage data from the three devices, Hopkinson bars were found to 

have the lowest breakage degree for similar impact energies. Although it showed the 

highest degree of initial fracture, the subsequent t10 values from this device were 

found to be very low compared to those of the drop weight and rotary breakage tester 

for the same energy. The RBT was found to give consistently finer product 

distributions below the PSO mark, which resulted in higher t10 values with this device 

than the drop weight test. 

8.2 CONCLUSIONS 

The work in this thesis was conducted to address two hypotheses as presented in 

the introduction, namely: 

• For a given material, values of Eo and Ecrit exist and can be measured 

• Single impact breakage is more efficient than incremental breakage 

Based on objectives from these hypotheses given in the introduction, the following 

conclusions were reached through experimental tests with the drop weight test, split 

Hopkinson pressure bars and the rotary breakage tester: 

~ The value of Eo for -31.S +26.Smm size was 0.046kWh/t for blue stone and 

0.0037 kWh/t for gold ore. This indicated that the Blue stone is more resistant 

to breakage. 
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)0> Values of Ecrit were calculated for a 90% probability of breakage in a single 

impact. For blue stone and gold ore these were 0.334 and 0.281 kWh/t 

respectively. As only one size was tested in this set of work, the size 

dependency derived by Vogel and Peukert could not be tested. The harder 

blue stone will fracture in a single impact at a higher energy than the gold ore. 

)0> The degree of breakage achievable by a particular device depends on the 

method of impact. Split Hopkinson pressure bars, which u§e point loading, 

gave the highest initial particle fracture, but gave much coarser size 

distributions below P20. Below P50, the rotary breaka~e tester gave 

consistently finer product distributions than the drop weight test. 

)0> Incremental breakage is less efficient than single impact breakage. This was 

investigated with split Hopkinson pressure bars and established with the 

rotary breakage tester. The t10 value dropped off dramatioaily for equivalent 

cumulative energy applied over multiple impacts versus a single impact to 

breakage. This was shown to equate to 1.4 times the amount of energy 

expended using incremental breakage relative to the energy needed for 

single impact fracture. 

8.3 RECOMMENDATIONS FOR FUTURE WORK 

Several limitations prevented a number of investigations from being carried out. 

Tests with Hopkinson bars were limited to the energy range of 0; 1 to 0.6 kWh/t. 

Energies below 0.1 kWhlt could not be obtained as the firing mechanism would not 

launch below the minimum back pressure of 3 bar (appx 0.3 MPa), while energies 

higher than 0.6 kWhlt were found to damage strain gauges. 

Incremental breakage tests with the rotary breakage tester could not be carried out 

for lower energy values than those conducted as the lowest possible breakage 

energy was dictated by the minimum rotor speed of 300rpm. IncremEmtal breakage 

tests at lower energies would allow for more accurate experimental determination of 

Eo. 

Calculation of Ecrit was limited to the available size range of -31;5 + 26.5 mm. As 

incremental breakage tests with the RBT required a relatively high number of 
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particles per test, only this size range was investigated as a basis for the 

methodology in future experiments. Incremental breakage tests for a greater number 

of impacts and up to higher percentages of mass broken would allow for more 

accurate experimental determination of Ecrit. 

Thus, from the breakage tests carried out across the three breakage devices 

selected for this project, the following recommendations are put forWard for future 

work in this area: 

~ Values of Eo and Ecrit can be calculated for other ore types from the 

methodology developed for this project. The effect of partiCle size on these 

values can be investigated by conducting similar experiments with the RBT 

across a range of sizes. 

~ Further breakage experiments can be carried out on the rotary breakage 

tester to characterize the breakage behavior at energies between Eo and Ecrit. 

With a lower rotor speed, Eo can be experimentally deterritlned through tests 

at very low energies. Lower energies between Eo and Ecrit can also be 

selected to establish the relationship between cumulative breakage 

probability and the number of impacts at lower energies. 

~ The scatter from results of breakage experiments on angular specimens 

relative to that of rounded particles using Hopkinson bars suggests that 

uniform specimen geometries would be better suited for this test. These tests 

could be used to develop breakage models which quantify the energy 

absorption of particles under impact. 

~ Standard static compression tests could be performed to compare the 

strength parameters from such tests with those obtained from the impact 

breakage parameters calculated in this work, which was nbt part of this 

scope. 

~ Rounding specimens of gold ore in the same manner as the blue stone 

particles can be done to investigate the mechanical coupling of the drop 

weight relative to the Hopkinson bars 
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APPENDIX A- Drop Weight test data 

AG 1-A: Angular Gold ore 
Energy calculations 

5ize (mm) 13.2 -16mm (5) 19 -22.4mm (M) 26.5 -31.smm (L) 
Energy targeted (kWh/t) 0.25 1 2.5 0.25 1 2.5 0.25 1 2.5 
Drop weight mass required (kg) 2.75 2.75 6.724 2.75 14.933 24.918 4.726 24.918 44.913 
Drop weight mass used (kg) 2.75 2.75 6.724 2.75 14.933 24.918 4.726 24.918 44.913 
Height required (em) 23.5 91.2 92.4 68.9 50.4 75.1 87.5 66.0 90.9 
Height used (em) 23.5 91.2 92.4 68.9 50.4 75.1 87.5 66 90.9 

Measured residual gaps (mm) 8 1 1 9 4 6.5 18 10.5 1 
6 1 1 9 11 0.5 17 14 4.5 
8 3 3 13 4 2 11 3.5 9 

9 6 1 15 7 4 14 15.5 3.5 
6 2 1 17 5.5 0.5 15 7.5 3 

6 4 1 10 5.5 4 18 8 3.5 
7 1 1 9 10.5 2.5 12 6.5 3.5 

13 2 4 13 3 3.5 23 9.5 3.5 

6 2 1 12 5 4.5 11 8 3 
8 1 1 10 5.5 4.5 13 4.5 6.5 

Average offset height (em) 0.77 0.23 0.15 1.17 0.61 0.325 1.52 0.875 0.41 
Adjusted drop height (em) 22.73 90.97 92.25 67.73 49.79 74.775 85.98 65.125 90.49 

Sample total mass (g) 203.5 203.5 202.3 608.4 607.5 607.7 1322.6 1323.6 1325.2 
No of particles 30 30 30 30 30 30 30 30 30 
Average particle mass (g) 6.8 6.8 6.7 20.3 20.3 20.3 44.1 44.1 44.2 

Actual impact energy (kWh/t) 0.25 1.00 2.50 0.25 1.00 2.50 0.25 1.00 2.50 
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Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passini 

13.2 11 5.4 94.6 0 0.0 100.0 0 0.0 100.0 
9.5 60.4 29.7 64.9 4 2.0 98.0 0 0.0 100.0 
6.7 54.2 26.6 38.2 14.8 7.4 90.7 3.2 1.6 98.4 

4.75 28.2 13.9 24.4 28.3 14.1 76.6 8.4 4.2 94.2 
3.35 11 5.4 19.0 31.7 15.7 60.9 14.6 7.3 86.9 

2.36 9.6 4.7 14.3 31.5 15.6 45.2 31 15.5 71.4 

1.7 5.4 2.7 11.6 18.7 9.3 35.9 26.5 13.3 58.1 
1.18 2 1.0 10.6 15.2 7.6 28.4 18 9.0 49.1 

0.85 4.1 2.0 8.6 5.8 2.9 25.5 12.2 6.1 43.0 
0.6 4.8 2.4 6.2 12.4 6.2 19.3 17.7 8.9 34.1 

0.425 2.9 1.4 4.8 8 4.0 15.4 11.5 5.8 28.3 

0.3 2.4 1.2 3.6 7.2 3.6 11.8 10.9 5.5 22.9 

0.212 1.8 0.9 2.8 5.4 2.7 9.1 9.1 4.6 18.3 

0.15 1.5 0.7 2.0 4.5 2.2 6.9 8.7 4.4 14.0 

0.106 0.9 0.4 1.6 3.2 1.6 5.3 6.1 3.1 10.9 

Pan 3.2 1.6 0.0 10.6 5.3 0.0 21.8 10.9 0.0 

Totals 203.4 100 201.3 100 199.7 100 

Mass discrepancy 0.1 2.2 2.6 

t2 43.6 92.1 98.7 

t4 20.1 64.0 88.4 

t5 16.9 53.8 79.9 

tlO 11.1 32.3 53.8 

P80 size 11.38 5.22 2.911 
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APPENDIX A- Drop Weight test data 

Particle size distributions 19 -22.4mm (M) 
ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passin~ 

19 33.7 5.5 94.5 0 0.0 100.0 0 0.0 100.0 
13.2 199.8 32.9 61.6 13.5 2.2 97.8 3.1 0.5 99.5 
9.5 135.7 22.3 39.3 41.2 6.8 91.0 2 0.3 99.2 
6.7 92.4 15.2 24.1 96.3 15.8 75.2 33.3 5.5 93.7 

4.75 39.4 6.5 17.6 114.6 18.9 56.3 79.6 13.1 80.6 
3.35 23.2 3.8 13.8 71.1 11.7 44.6 87.9 14.5 66.1 
2.36 19.7 3.2 10.5 57.2 9.4 35.2 71.2 11.7 54.4 

1.7 13.3 2.2 8.3 39.2 6.4 28.7 51.2 8.4 45.9 
1.18 10 1.6 6.7 32.1 5.3 23.5 43.8 7.2 38.7 
0.85 7.8 1.3 5.4 24 3.9 19.5 33.4 5.5 33.2 

0.6 7.4 1.2 4.2 24.9 4.1 15.4 36.3 6.0 27.3 
0.425 4.9 0.8 3.4 17 2.8 12.6 26.7 4.4 22.9 

0.3 4.5 0.7 2.6 16.6 2.7 9.9 27.6 4.5 18.3 
0.212 3.6 0.6 2.0 12.5 2.1 7.8 22.6 3.7 14.6 

0.15 3 0.5 1.5 11.3 1.9 6.0 20 3.3 11.3 
Pan 9.4 1.5 0.0 36.3 6.0 0.0 68.6 11.3 0.0 
Totals 607.8 100 607.8 100 607.3 100 
Mass discrepancy 0.6 -0.3 0.4 

t2 44.2 92.5 99.2 
t4 18.9 60.2 83.3 
t5 15.9 51.1 76.4 
tlO 9.5 32.3 50.9 
P80 size 16.45 7.56 4.691 
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APPENDIX A- Drop Weight test data 

Particle size distributions 26.5 -31.5mm (L) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passin~ 

26.5 161.2 12.2 87.8 0.0 100.0 0.0 100.0 
19 317.3 24.0 63.8 37.7 2.9 97.1 0.0 100.0 

13.2 358.1 27.1 36.7 148.2 11.2 85.9 0.0 100.0 
9.5 131.7 10.0 26.7 145.3 11.0 75.0 41 3.1 96.9 
6.7 101.2 7.7 19.0 191 14.4 60.5 103.2 7.8 89.1 

4.75 68.7 5.2 13.8 180.2 13.6 46.9 196.9 14.9 74.2 
3.35 40.1 3.0 10.8 116.4 8.8 38.1 176.7 13.3 60.9 
2.36 31.3 2.4 8.4 99.5 7.5 30.6 142.8 10.8 50.1 

1.7 20 1.5 6.9 66 5.0 25.6 94.2 7.1 43.0 
1.18 18 1.4 5.5 62 4.7 20.9 86.1 6.5 36.5 
0.85 11.4 0.9 4.7 42.4 3.2 17.7 62.4 4.7 31.8 

0.6 13.4 1.0 3.7 47.1 3.6 14.1 74 5.6 26.2 
0.425 8.8 0.7 3.0 32.5 2.5 11.6 53.9 4.1 22.2 

0.3 8.4 0.6 2.4 31.4 2.4 9.3 55.9 4.2 17.9 
0.212 6.5 0.5 1.9 25.7 1.9 7.3 45.9 3.5 14.5 

Pan 24.7 1.9 0.0 96.9 7.3 0.0 191.6 14.5 0.0 
Totals 1320.8 100 1322.3 100 1324.6 100 
Mass discrepancy 1.8 1.3 0.6 

t2 42.5 88.3 100.0 
t4 20.5 63.2 90.6 

tS 16.6 54.1 82.1 

tlO 9.7 34.6 55.9 
P80size 24.07 11.20 5.501 
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APPENDIX A- Drop Weight test data 

AG 2-A: Angular Gold ore 
Energy calculations 

Size (mm) 13.2 -16mm (5) 19 -22.4mm (M) 26.5 -31.smm (L) 
Energy targeted (kWh/t) 0.25 1 2.5 0.25 1 2.5 0.25 1 2.5 
Drop weight mass required (kg) 2.75 4.726 14.933 2.75 14.933 24.918 4.726 24.918 39.928 
Drop weight mass used (kg) 2.75 4.726 14.933 2.75 14.933 24.918 4.726 24.918 39.928 
Height required (em) 26.3 59.7 47.1 68.8 50.5 75.2 85.7 64.4 99.8 
Height used (em) 26.3 59.7 47.1 68.8 50.5 75.2 85.7 64.4 99.8 

Measured residual gaps (mm) 9 7 7.5 16 11 6 17 15 7 
8 5 4 16 12 7 18 21 7 
10 10 2 15 9 6 23 10 6 

7 8 3 16 14 7 21 13 6 
8 4 4 12 6 5 26 20 8 

8 5 3 12 13 5 21 12 6 

9 6 3 14 14 5 16 12 9 

10 5 4 16 7 7 15 13 7 

9 6 3.5 16 9 5 16 13.5 6 

7 5 3 17 10 7 22 13 6 

Average offset height (em) 0.85 0.61 0.37 1.5 1.05 0.6 1.95 1.425 0.68 
Adjusted drop height (em) 25.45 59.09 46.73 67.3 49.45 74.6 83.75 62.975 99.12 

Sample total mass (g) 228.5 228.1 228.1 607.4 608.5 608.9 1293.7 1292.2 1293.8 
No ofparticles 30 30 30 30 30 30 30 30 30 
Aver~ partiCle mass, (r)' nJi 7:fj 7'.6 20\2' 20.3 Z(B 43'.,1 43.1 4.3'.,1 

Actual impact energy (kWh/t) 0.25 1.00 2.50 0.25 0.99 2.49 0.25 0.99 2.50 
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APPENDIX A- Drop Weight test data 

Particle size distributions 13.2 -16mm (5) 
ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passin~ 

13.2 37 16.3 83.7 0.0 100.0 0.0 100.0 
9.5 83.5 36.7 47.1 19.2 8.5 91.5 0.0 100.0 
6.7 55.2 24.3 22.8 27.9 12.3 79.2 5.8 2.5 97.5 

4.75 19.6 8.6 14.2 41.2 18.2 61.0 22 9.7 87.8 
3.35 7.6 3.3 10.9 39.2 17.3 43.6 37.1 16.3 71.5 
2.36 6.8 3.0 7.9 25.6 11.3 32.3 35.7 15.7 55.8 

1.7 3.8 1.7 6.2 15.4 6.8 25.5 22.9 10.1 45.7 
1.18 3.3 1.4 4.7 11.5 5.1 20.4 19 8.4 37.4 
0.85 2.1 0.9 3.8 7.6 3.4 17.1 13.4 5.9 31.5 
0.6 2.1 0.9 2.9 8.8 3.9 13.2 13.2 5.8 25.7 

0.425 1.3 0.6 2.3 6.1 2.7 10.5 9.8 4.3 21.4 
0.3 1.2 0.5 1.8 5.6 2.5 8.0 9.9 4.4 17.0 

0.212 0.9 0.4 1.4 4.1 1.8 6.2 8 3.5 13.5 
0.15 0.8 0.4 1.1 3.4 1.5 4.7 7.2 3.2 10.3 

0.106 0.5 0.2 0.8 2.2 1.0 3.7 4.8 2.1 8.2 
Pan 1.9 0.8 0.0 8.4 3.7 0.0 18.7 8.2 0.0 
Totals 227.6 100 226.2 100 227.5 100 
Mass discrepancy 0.9 1.9 0.6 

t2 27.7 81.7 98.0 
t4 11.5 47.1 74.8 
t5 9.5 38.6 64.4 
tlO 5.5 23.1 41.8 
P80 size 12.82 6.89 4.081 
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APPENDIX A- Drop Weight test data 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passin~ 

19 86.2 14.2 85.8 0.0 100.0 0.0 100.0 
13.2 265.1 43.8 42.0 23.6 3.9 96.1 0.0 100.0 
9.5 112 18.5 23.5 99.8 16.4 79.7 12.2 2.0 98.0 
6.7 51.7 8.5 15.0 120.1 19.8 59.9 57.7 9.5 88.5 

4.75 29.4 4.9 10.1 97.4 16.1 43.8 103.3 17.0 71.5 
3.35 12 2.0 8.1 61.5 10.1 33.7 90 14.8 56.7 
2.36 10.8 1.8 6.3 45.6 7.5 26.2 71.7 11.8 44.9 

1.7 7.2 1.2 5.2 30.4 5.0 21.1 43.5 7.2 37.7 
1.18 5.6 0.9 4.2 24.1 4.0 17.2 38.7 6.4 31.4 
0.85 4.2 0.7 3.5 17 2.8 14.4 27.3 4.5 26.9 

0.6 4.6 0.8 2.8 18 3.0 11.4 30.6 5.0 21.8 
0.425 3.1 0.5 2.3 12.8 2.1 9.3 22.4 3.7 18.1 

0.3 2.9 0.5 1.8 12.1 2.0 7.3 22.1 3.6 14.5 
0.212 2.2 0.4 1.4 9.4 1.5 5.8 17.6 2.9 11.6 

0.15 1.9 0.3 1.1 8 1.3 4.4 14.6 2.4 9.2 
Pan 6.7 1.1 0.0 26.9 4.4 0.0 55.9 9.2 0.0 
Totals 605.6 100 606.7 100 607.6 100 
Mass discrepancy 1.8 1.8 1.3 

t2 27.6 83.3 98.4 
t4 11.1 47.2 75.0 
t5 9.2 39.3 64.9 
tlO 5.8 23.9 41.7 
P80 size 18.24 9.58 5.731 
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APPENDIX A- Drop Weight test data 

Particle size distributions 26.5 -31.5mm (L) 

Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passinf 
26.5 0.0 100.0 0.0 100.0 0.0 100.0 

19 520.1 40.2 59.8 14.3 1.1 98.9 0.0 100.0 
13.2 335.6 26.0 33.8 197.3 15.3 83.6 0.0 100.0 
9.5 141 10.9 22.9 222.6 17.2 66.4 45.8 3.5 96.5 
6.7 88.5 6.8 16.1 216 16.7 49.7 205.3 15.9 80.5 

4.75 53.2 4.1 12.0 158.8 12.3 37.4 214.1 16.6 63.9 
3.35 35.7 2.8 9.2 101.2 7.8 29.5 159.9 12.4 51.6 
2.36 27.9 2.2 7.0 76.5 5.9 23.6 121.5 9.4 42.1 

1.7 17.7 1.4 5.7 52.4 4.1 19.6 80.8 6.3 35.9 
1.18 12.6 1.0 4.7 45.6 3.5 16.0 76.1 5.9 30.0 
0.85 10.3 0.8 3.9 30.3 2.3 13.7 53.5 4.1 25.8 

0.6 11.2 0.9 3.0 33.6 2.6 11.1 58.1 4.5 21.3 
0.425 7.5 0.6 2.5 24.4 1.9 9.2 43.5 3.4 18.0 

0.3 6.9 0.5 1.9 23.8 1.8 7.3 44 3.4 14.5 
0.212 5.3 0.4 1.5 19 1.5 5.9 36.8 2.9 11.7 

Pan 19.6 1.5 0.0 75.9 5.9 0.0 150.9 11.7 0.0 
Totals 1293.1 100 1291.7 100 1290.3 100 
Mass discrepancy 0.6 0.5 3.5 

t2 39.4 86.9 100.0 
t4 17.4 52.8 83.5 
t5 14.1 43.9 72.7 
tlO 8.2 26.8 47.2 
P80 size 22.77 11.83 6.64\ 
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APPENDIX A- Drop Weight test data 

AG 2-R: Rounded Gold ore 
Energy calculations 

Size (mm) 13.2 -16mm (5) 19 -22.4mm (M) 26.5 -31.smm (L) 
Energy targeted (kWh/t) 0.25 1 2.5 0.25 1 2.5 0.25 1 2.5 
Drop weight mass required (kg) 2.75 2.75 6.724 2.75 6.724 24.918 2.75 24.918 44.913 

Drop weight mass used (kg) 2.75 2.75 6.724 2.75 6.724 24.918 2.75 

Height required (em) 23.5 91.2 92.4 68.9 93.2 75.1 87.5 66.0 90.9 

Height used (em) 23.5 91.8 95.0 57.5 93.2 62.7 73.9 

Measured residual gaps (mm) 6 3 1 10 4 3.5 20 
9 2 1 10 5 3.5 24 

5 3 1 11 6 4.5 15 

6 2 1 5 2 3 10 

5 3 1 12 4 3 20 

5 4 2 12 3 2.5 14 

10 2 2 9 5 2.5 15 

5 1 1 7 7 5 17 

7 2 2 13 4 3.5 16 

5 4 1 4 2 2 12 

Average offset height (em) 0.63 0.26 0.13 0.93 0.42 0.33 1.63 

Adjusted drop height (em) 22.87 91.50976381 94.9156859 56.57 92.78 62.37 72.27 

Sample total mass (g) 204.4 204.8 208 506.2 508.2 507 646.9 

No of p.artic.les 30 30 30 30, 30, 30 30 

Average particJe mass (:g), 6.8: 6$ 6.9, 16.9' 16.9: 16.9, 21.6, 

Actual impact energy (kWh/t) 0.25 1.00 2.50 0.25 1.00 2.50 0.25 
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APPENDIX A- Drop Weight test data 

Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wt above %retained Cumu %passing Wtabove %retained Cumu %passinl 

13.2 8.4 4.1 95.9 0.0 100.0 0.0 100.0 
9.5 52.9 25.9 70.0 6 2.9 97.1 0.0 100.0 

6.7 62.1 30.4 39.5 26.5 13.0 84.1 0.9 0.4 99.6 

4.75 31.4 15.4 24.2 36.9 18.1 65.9 10.6 5.1 94.4 

3.35 10.2 5.0 19.2 28.4 13.9 52.0 17.1 8.3 86.2 

2.36 9.4 4.6 14.6 26.7 13.1 38.9 33 16.0 70.2 

1.7 7.1 3.5 11.1 17.4 8.5 30.4 26.9 13.0 57.2 

1.18 5.2 2.5 8.5 13.9 6.8 23.6 22.7 11.0 46.2 

0.85 3.7 1.8 6.7 9.2 4.5 19.0 15.8 7.6 38.6 

0.6 3.1 1.5 5.2 7.8 3.8 15.2 13.8 6.7 31.9 

0.425 2.3 1.1 4.1 6.3 3.1 12.1 11.4 5.5 26.4 

0.3 2.1 1.0 3.0 5.7 2.8 9.3 10.8 5.2 21.1 

0.212 1.6 0.8 2.3 4.3 2.1 7.2 8.6 4.2 17.0 

0.15 1.3 0.6 1.6 3.9 1.9 5.3 8.2 4.0 13.0 

0.106 0.9 0.4 1.2 2.5 1.2 4.1 5.7 2.8 10.3 

Pan 2.4 1.2 0.0 8.3 4.1 0.0 21.2 10.3 0.0 

Totals 204.1 100 203.8 100 206.7 100 

Mass discrepancy 0.3 1 1.3 

t2 45.7 86.7 99.7 

t4 20.2 54.8 87.8. 

t5 17.1 46.1 79.0 

tlO 9.9 27.1 52.0 

P80 size 10.93 6.26 2.971 
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APPENDIX A- Drop Weight test data 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passin Wtabove %retained Cumu %passing Wtabove %retained Cumu %passin! 

19 13.1 2.6 97.4 0.0 100.0 0.0 100.0 
13.2 94.5 18.7 78.7 0.0 100.0 0.0 100.0 

9.5 159 31.5 47.1 47 9.3 90.7 3.6 0.7 99.3 

6.7 83.3 16.5 30.6 84 16.6 74.2 19.5 3.9 95.4 
4.75 46.6 9.2 21.4 81.4 16.1 58.1 44.4 8.8 86.6 
3.35 26.9 5.3 16.1 63.6 12.5 45.6 66.4 13.2 73.5 

2.36 19.9 3.9 12.1 52.5 10.4 35.2 76.9 15.2 58.2 
1.7 12.6 2.5 9.6 35.6 7.0 28.2 50.5 10.0 48.2 

1.18 10.3 2.0 7.6 27.5 5.4 22.8 42.1 8.3 39.9 
0.85 7.3 1.4 6.1 20.2 4.0 18.8 31.6 6.3 33.7 

0.6 6.4 1.3 4.9 18.1 3.6 15.2 28.7 5.7 28.0 
0.425 5.2 1.0 3.8 14.5 2.9 12.3 23.5 4.7 23.3 

0.3 4.6 0.9 2.9 13.7 2.7 9.6 22.9 4.5 18.8 
0.212 3.5 0.7 2.2 10.5 2.1 7.6 18.3 3.6 15.2 

0.15 3.1 0.6 1.6 9.5 1.9 5.7 17.1 3.4 11.8 
Pan 8.1 1.6 0.0 28.9 5.7 0.0 59.4 11.8 0.0 
Totals 504.4 100 507 100 504.9 100 
Mass discrepancy 1.8 1.2 2.1 

t2 54.1 92.8 99.4 
t4 23.3 61.5 88.5 
t5 19.0 52.5 80.8 

tlO 11.0 32.0 53.7 
P80size 13.61 7.69 4.041 
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APPENDIX A- Drop Weight test data 

Particle size distributions 26.5 -31.5mm (L) I 
ENERGY (kWh/t) 0.25 
Size (mm) Wtabove %retained Cumu %passinl 

26.5 0.0 100.0 

19 341.5 52.8 47.2 

13.2 182.2 28.2 19.0 
9.5 47.1 7.3 11.7 
6.7 15.3 2.4 9.3 

4.75 14.9 2.3 7.0 
3.35 12 1.9 5.2 

2.36 6.9 1.1 4.1 

1.7 5.1 0.8 3.3 

1.18 4.6 0.7 2.6 
0.85 3.1 0.5 2.1 

0.6 2.7 0.4 1.7 
0.425 2.2 0.3 1.3 

0.3 2.1 0.3 1.0 
0.212 1.5 0.2 0.8 

Pan 5.1 0.8 0.0 
Totals 646.3 100 
Mass discrepancy 0.6 

t2 25.0 
t4 9.8 
t5 8.2 
tlO 4.7 
P80 size 23.661 
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APPENDIX A- Drop Weight test data 

BLUE STONE ORE: BS1·A and BS2·R data 
Energy calculations 

ANGULAR ROUNDED 
Size (mm) 26.5 -31.smm (L) 26.5 -31.smm (L) 
Energy targeted (kWh/t) 0.2 0.6 1.6 2 0.2 0.6 1.6 2 
Drop weight mass required (kg) 4.998 14.945 24.928 34.971 4.998 14.945 24.928 34.971 
Drop weight mass used (kg) 4.998 14.945 24.928 34.971 4.998 14.945 24.928 34.971 
Height required (em) 50.0 60.0 70 70.0 50.0 60.0 70 70.0 
Height used (em) 50 60 70 70 50 60 70 70 

Measured residual gaps (mm) 15 8 7 4 16 7 7 2 
16 9 4 4 16 12 7 5 
18 8 6 6 18 9 7 3 
16 12 5 5 19 8 6 3 
17 9 6 6 15 8 5 3 
14 9 5 5 19 7 5 4 

19 9 3 4 18 8 5 7 
16 7 5 3 16 10 6 5 

14 5 6 3 12 9 6 4 

17 6 3 3 19 7 6 6 

Average offset height (em) 1.62 0.82 0.5 0.43 1.68 0.85 0.6 0.42 
Adjusted drop height (em) 48.38 59.18 69.5 69.57 48.32 59.15 69.4 69.58 

Sample total mass (g) 424 414 416 421 492 451 498 466 
No of particles 15 15 15 15 15 15 15 15 
Average particle mass (g) 28.3 27.6 27.7 28.1 32.8 30.1 33.2 31.1 

Actual impact energy (kWh/t) 0.23 0.87 1.70 2.36 0.20 0.80 1.42 2.13 
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APPENDIX A- Drop Weight test data 

BS 1-A- Angular Blue Stone are 

Particle size distributions ANGULAR 26.5 -31.5mm (L) I ENERGY (kWh/t) 0.2 0.6 1.6 2 
Size (mm) Wtabove %retained Cumu %passin Wt above %retalned Cumu %passing Wtabove %retained Cumu %passin Wtabove %retalned Cumu %passin! 

26.5 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 
19 122.4 28.9 71.1 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 

13.2 161.3 38.1 32.9 36.9 8.9 91.1 0 0.0 100.0 0 0.0 100.0 
9.5 52 12.3 20.7 86.2 20.9 70.2 18.9 4.6 95.4 9.7 2.3 97.7 
6.7 38.1 9.0 11.7 104.5 25.3 44.9 72.4 17.4 78.0 54.2 12.9 84.8 

4.75 14.9 3.5 8.1 46.3 11.2 33.7 74.6 18.0 60.0 62.5 14.9 69.9 
3.35 10.8 2.6 5.6 38.6 9.3 24.4 66.8 16.1 43.9 71.1 16.9 52.9 
2.36 7.2 1.7 3.9 30.6 7.4 16.9 50.8 12.2 31.7 57.3 13.7 39.3 
1.7 3.7 0.9 3.0 13.8 3.3 13.6 24.8 6.0 25.7 28.5 6.8 32.5 

1.18 3.2 0.8 2.2 14 3.4 10.2 25.5 6.1 19.6 30.9 7.4 25.1 
0.85 2.2 0.5 1.7 9.5 2.3 7.9 16.9 4.1 15.5 19.9 4.7 20.4 

0.6 1.8 0.4 1.3 7.6 1.8 6.1 14.1 3.4 12.1 18 4.3 16.1 
0.425 1 0.2 1.1 4.5 1.1 5.0 8.4 2.0 10.1 10.7 2.6 13.5 

0.3 1 0.2 0.8 4.6 1.1 3.9 8.5 2.0 8.0 11 2.6 10.9 
0.212 0.9 0.2 0.6 3.3 0.8 3.1 6.4 1.5 6.5 8.4 2.0 8.9 

Pan 2.6 0.6 0.0 12.7 3.1 0.0 27 6.5 0.0 37.3 8.9 0.0 
Totals 423.1 100 413.1 100 415.1 100 419.5 100 
Mass discrepancy 0.9 0.9 0.9 1.5 

t2 41.1 93.0 100.0 100.0 
t4 13.3 49.6 81.3 87.2 
t5 10.0 39.6 69.5 77.7 
tlO 4.8 20.9 38.2 46.6 
P80 size 21.31 11.24 7.02 6.081 
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APPENDIX A- Drop Weight test data 

BS2-R- Rounded Blue Stone ore 

Particle size distributions ROUNDED 26.5 -31.5mm (L) I ENERGY (kWh/t) 0.2 0.6 1.6 2 
Size (mm) Wtabove %retained Cumu %passin Wt above %retained Cumu %passing Wtabove %retained Cumu %passin Wt above %retained Cumu %passin! 

26.5 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 
19 163.7 33.4 66.6 0 0.0 100.0 0 0.0 100.0 0 0.0 100.0 

13.2 157.2 32.1 34.6 48.7 10.8 89.2 4.1 0.8 99.2 0 0.0 100.0 
9.5 93 19.0 15.6 92 20.4 68.8 61.2 12.3 86.9 19.3 4.2 95.8 
6.7 27.3 5.6 10.0 118.7 26.4 42.4 107.5 21.6 65.3 70.5 15.2 80.7 

4.75 10.5 2.1 7.9 48.9 10.9 31.5 73.4 14.7 50.6 77.5 16.7 64.0 
3.35 12.1 2.5 5.4 43.9 9.7 21.8 63.7 12.8 37.8 73.9 15.9 48.1 
2.36 8.9 1.8 3.6 29.9 6.6 15.2 49.3 9.9 27.9 56.4 12.1 35.9 
1.7 4 0.8 2.8 14.9 3.3 11.9 2S.4 5.1 22.8 30.2 6.5 29.4 

1.18 3.9 0.8 2.0 14.7 3.3 8.6 26.7 5.4 17.5 32.2 6.9 22.5 
0.85 2.2 0.4 1.5 9.3 2.1 6.5 17.5 3.5 14.0 22.3 4.8 17.7 
0.6 2 0.4 1.1 7.6 1.7 4.8 15.2 3.0 10.9 19.2 4.1 13.6 

0.425 1.1 0.2 0.9 4.8 1.1 3.8 9.3 1.9 9.1 11.6 2.5 11.1 
0.3 1.1 0.2 0.7 4.3 1.0 2.8 9.3 1.9 7.2 11 2.4 8.7 

0.212 0.9 0.2 0.5 3 0.7 2.2 7 1.4 5.8 8 1.7 7.0 
Pan 2.5 0.5 0.0 9.7 2.2 0.0 28.9 5.8 0.0 32.5 7.0 0.0 
Totals 490.4 100 450.4 100 498.5 100 464.6 100 
Mass discrepancy 1.6 0.6 -{l.5 1.4 

t2 41.5 91.5 99.4 100.0 
t4 11.1 47.3 69.4 83.5 
tS 9.0 37.3 58.4 72.8 
tlO 4.6 18.7 33.2 42.4 
P80 size 22.01 11.54 8.60 6.621 
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APPENDIX A- Drop Weight test data 

Calculated A and b parameters from standard t10 equation tlO = A(l- e-b.Ec.r ) 

A b 
13.2 -16mm (S) 64.39 0.75 

AG1-A 
19 -22.4mm (M) 64.38 0.65 

26.5 -31.Smm (l) 64.78 0.76 

Size independent fit 64.39 0.71 

A b 
13.2 -16mm (S) 60.32 0.49 

AG2-A 
19 -22.4mm (M) 60.32 0.5 

26.5 -31.Smm (l) 60.32 0.56 

Size independent fit 60.32 0.51 

A b 
13.2 -16mm (S) 76.04 0.46 

AG2-R 
19 -22.4mm (M) 68.92 0.64 

26.5 -31.Smm (l) 
Size independent fit 69.31 0.57 

26.5 -31.Smm (l) A b 
BS1A Angular 63.47 0.7 

BS2 R Rounded 63.44 0.69 
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Calculated A and b parameters from modified t10 equation 110 = A(l_e-b(Ecs-Eo)) 

A b A.b EO 
AG1-A 13.2 -16mm (S) 63.27 0.75 47.5 0.03 

19 -22.4mm (M) 63.27 0.71 44.9 0.03 

26.5 -31.Smm (L) 63.47 0.80 50.8 0.01 

Size independent fit 63.27 0.75 47.7 0.02 

A b A.b EO 
AG2-A 13.2 -16mm (S) 62.44 0.48 30.0 0.04 

19 -22.4mm (M) 62.44 0.45 28.1 0.02 

26.5 -31.Smm (L) 62.44 0.53 33.1 0.00 

Size Independent fit 56.58 0.60 33.8 0.05 

A b A.b EO 
AG2-R 13.2 -16mm (S) 74.85 0.47 35.2 0.01 

19 -22.4mm (M) 68.11 0.66 45.0 0.01 

26.5 -31.Smm (L) 

Size independent fit 68.48 0.59 40.4 0.01 

Blue Stone 26.5 -31.Smm (L) A b A.b EO 

Angular 62.26 0.75 46.7 0.02 

Rounded 62.26 0.74 46.1 0.02 

Geometry independent fit 68.48 0.59 40.4 0.01 
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APPENDIX B- Split Hopkinson Pressure Bar data 

SHPB DATA CALCULATION· SIMPLIFIED EXAMPLE 

Calibration data (calibrate strain gauge voltage to stress by ratio K) 
Bar data 
Mass (kg) 
Diameter (m) 
Length (m) 
Volume (mIl3) 
Density (kg/mIl3) 
Young's mod (E) 

Pulse time (s) 
Strain gauge dist-Incident bar (m) 
Pulse speed C (m/s) 

Strain Gauge dist -Transmitted bar (m) 

4.98 
0.02 C.S. Area Ab (mIl2) 

2 
0.000628 

7926 
1.90061 E+ 11 

0.00039 
0.95 

4896.9 

0.6 

Obtain from Calibration test with single or two bars 
Initial striker velocity (m/s) 7.895 
Striker CS area (mIl2) 0.0003 
Average maximum voltage 3.99 

0.000314 
Scaling factor calculation 
Bar Stress (MPa) 
Vmax 
K (Mpa/V) 

Theoretical K calculation 
Amplifier gain 
Bridge factor 
Excitation voltage 
Gauge factor 
K theoretical 

Percentage error in K 
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145.36 
3.99 

36.43 

1000 
2 

5.02 
2.11 

35.89 

1.51 



APPENDIX B" Split Hopkinson Pressure Bar data 

GENERATED DATA 

loc den! "" 

IA) IB) 
IA) 

Stress throu ~ h ,pecimen corre,pond, to tr. n,m itted ,tress wa~e 

Poi nt of ,u dden rapi d decline i ~ tr.nsmitted wave i, yi eld stress of ,peci men, energy uncle r cUr\l e to th is poi nt is pa rticl e str e ~ith 

2nd ki nk in tran"" itted wave i, 'work ha rde~ing' yiel d poi nt offai lure 

IB) 

I nCident wave shifted time shifted forward by t+(OOr1 strain gauge distlpulse speed) 
Rellected wave shilled back by j.(bar1 strain gauge \listlpulse speed) 
T ranffilitted wave shifted back by t-(bar2 strain gauge distlpulse speed) 

Maximum stress in specimen" Highest value of transmitted stress wave 
Maximum force transmitted to specimen = Maxim<Jm stress X Cross sectional area of HPB 

Stm., in specimen of known dimensions Ca~ be lourtd by integratkm of Instantaneous changes in length lor small time steps (Eq.5.5) 
Er.ergy associated with each the waves can be fourtd by integration of instantaneous wOO done for discrete time steps (Eq. 5.6) 
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APPENDIX B- Split Hopkinson Pressure Bar data 

BS 1495 and 1496· Rounded and Angular blue stone SHPB data 
End effector comparison experiments-data 

Test name Rock type Weight Energy Input Energy Input Energy absorbed Energy absorbed % Input E absorbed 

(R or A) (g) (J) (kWhjt) (J) (kWhjt) 

Flat end eff 1 R 29.39 22.0 0.2079 9.6 0.0911 43.8 

Flat end eff 2 R 28.13 21.4 0.2112 7.4 0.0734 34.8 

Flat end eff 3 R 27.71 20.9 0.2096 8.7 0.0875 41.8 

Flat end eff 4 R 28.8 20.6 0.1988 9.8 0.0950 47.8 

Flat end eff 5 R 29.44 21.7 0.2047 9.2 0.0866 42.3 

Flat end eff 6 R 28.22 21.1 0.2075 9.1 0.0900 43.4 

Flat end eff 7 R 30.21 22.7 0.2086 11.1 0.1022 49.0 

Flat end eff 8 R 29.4 21.7 0.2046 10.0 0.0944 46.1 

Flat end eff 9 R 28.72 21.2 0.2049 8.8 0.0850 41.5 

Flat end eff 10 R 28.66 22.3 0.2162 10.4 0.1011 46.8 

Round end 1 R 29.88 22.95 0.2134 9.2 0.0856 40.1 

Round end 2 R 30.49 21.97 0.2002 9.2 0.0840 42.0 

Round end 3 R 30.37 22.36 0.2045 7.6 0.0694 33.9 

Round end 4 R 28.45 20.83 0.2034 8.6 0.0844 41.5 

Round end 5 R 29.31 21.62 0.2049 8.5 0.0810 39.5 

Round end 6 R 29.13 23 0.2193 8.2 0.0784 35.8 

Round end 7 R 30.22 22.38 0.2057 9.0 0.0829 40.3 

Round end 8 R 27.49 21.81 0.2204 8.8 0.0889 40.4 

Round end 9 R 28.76 21.998 0.2125 8.7 0.0840 39.6 

Round end 10 R 29.11 21.57 0.2058 9.2 0.0875 42.5 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Impulse time comparison data 
300mm striker 

Test name Rock type Weight Energy Input Energy Input Energy absorbed Energy absorbed % Input E absorbed 
(R or A) (g) (J) (kWh/t) (J) (kWh/t) 

larr22-10-0.1 R 28.8 20.61 0.1988 6.05 0.0584 29.4 
larr22-1Q-0.2 R 30.81 22.02 0.1985 6.67 0.0601 30.3 
larr22-1Q-0.3 R 29.97 21.37 0.1981 4.9 0.0454 22.9 
larr22-1Q-0.4 R 28.94 20.67 0.1984 6.21 0.0596 30.0 
larr22-1Q-0.5 R 30.49 21.97 0.2002 5.16 0.0470 23.5 
larr22-1Q-0.6 R 28.45 20.83 0.2034 5.34 0.0521 25.6 
larr22-1Q-0.7 R 29.77 21.2 0.1978 7.57 0.0706 35.7 
larr22-1Q-0.8 R 30.42 21.6 0.1973 4.6 0.0420 21.3 
larr22-1Q-0.9 R 29.49 21.01 0.1979 6.45 0.0608 30.7 
larr22-1Q-0.I0 R 29.84 21.23 0.1976 6.86 0.0639 32.3 

450mm striker 

Test name Rock type Weight Energy Input Energy Input Energy absorbed Energy absorbed % Input E absorbed 
(R or A) (g) (J) (kWh/t) (J) (kWh/t) 

larr22-1Q-l.l R 29.39 21.99 0.2079 9.14 0.0864 41.6 
larr22-1Q-l.2 R 29.11 21.57 0.2058 7.51 0.0717 34.8 
larr22-1Q-l.3 R 30.21 22.68 0.2086 7.49 0.0689 33.0 
larr22-1Q-l.4 R 28.72 21.18 0.2049 6.73 0.0651 31.8 
larr22-1Q-l.5 R 28.22 21.08 0.2075 5.5 0.0541 26.1 
larr22-1Q-1.6 R 30.22 22.38 0.2057 8.85 0.0814 39.5 
larr22-1Q-l.7 R 29.31 21.62 0.2049 5.95 0.0564 27.5 
larr22-1Q-l.8 R 30.37 22.36 0.2045 7.03 0.0643 31.4 
larr22-1Q-l.9 R 29.4 21.65 0.2046 6.17 0.0583 28.5 
larr22-1Q-l.10 R 29.44 21.69 0.2047 8.51 0.0803 39.2 
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APPENDIX B- Split Hopkinson Pressure Bar data 

600mm striker 

Test name Rock type Weight Energy Input Energy Input Energy absorbed Energy absorbed % Input E absorbed 
(R or A) (g) (J) (kWh/t) (J) (kWh/t) 

larr22-10-02.1 R 27.71 20.91 0.2096 6.2 0.0622 29.7 
larr22-10-02.2 R 27.49 21.81 0.2204 5.92 0.0598 27.1 
larr22-10-02.3 R 28.13 21.39 0.2112 5.08 0.0502 23.7 
larr22-10-02.4 R 28.36 23.18 0.2271 8.03 0.0787 34.6 
larr22-10-02.5 R 28.23 23.61 0.2323 8.9 0.0876 37.7 
larr22-10-02.6 R 29.88 22.95 0.2134 9.26 0.0861 40.3 
larr22-10-02.7 R 28.66 22.30 0.2162 8.21 0.0796 36.8 
larr22-10-02.8 R 29.13 23.00 0.2193 6.44 0.0614 28.0 

larr22-10-02.9 R 28.76 22.00 0.2125 8.87 0.0857 40.3 
larr22-10-02.10 R 28.46 23.43 0.2287 6.46 0.0631 27.6 

s peclmen s reng, es s- ;Ylin rica specimens t th t t c rd· 
Max stress (Mpa) 141.6 135.4 141.4 136.3 138.4 

HPB abs energy (J) 2.3 2.0 2.9 3.2 2.7 

Young's Modulus (GPa) 13.9 27.9 21.6 18.6 30.2 

Yield Strain 0.012 0.01 0.01 0.01 0.01 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Geometry comparison tests- Angular specimens 

% Input 
Energy Energy energy 

Test no Test name Rock type Weight Energy Input Energy Input absorbed absorbed absorbed 
(R or A) (g) (J) (kWh/t) (J) (kWh/t) 

1 17-02-33 A 30.45 20.1 0.1836 5.36 0.0489 26.6 
2 17-02-32 A 30.13 20.2 0.1865 7.05 0.0650 34.8 
3 15-02-17 A 30.27 20.6 0.1888 5.22 0.0479 25.4 
4 15-02-10 A 29.56 20.2 0.1898 5.17 0.0486 25.6 
5 15-02-11 A 30.1 20.9 0.1926 5.47 0.0505 26.2 
6 15-02-06 A 30.08 21.1 0.1944 7.19 0.0664 34.2 
7 15-02-35 A 30.18 21.3 0.1956 6.74 0.0620 31.7 
8 15-02-33 A 30.42 21.6 0.1973 4.6 0.0420 21.3 
9 17-02-34 A 29.84 21.2 0.1976 6.86 0.0639 32.3 
10 15-02-31 A 29.77 21.2 0.1978 7.57 0.0706 35.7 
11 17-02-31 A 29.49 21.0 0.1979 6.45 0.0608 30.7 
12 14-02-23 A 29.97 21.4 0.1981 4.9 0.0454 22.9 
13 14-02-26 A 28.94 20.7 0.1984 6.21 0.0596 30.0 
14 14-02-17 A 30.81 22.0 0.1985 6.67 0.0601 30.3 
15 14-02-13 A 28.8 20.6 0.1988 6.05 0.0584 29.4 
16 15-02-18 A 30.49 22.0 0.2002 5.16 0.0470 23.5 
17 15-02-30 A 28.45 20.8 0.2034 5.34 0.0521 25.6 
18 17-02-20 A 30.37 22.4 0.2045 7.03 0.0643 31.4 
19 17-02-36 A 29.4 21.7 0.2046 6.17 0.0583 28.5 
20 17-02-37 A 29.44 21.7 0.2047 8.51 0.0803 39.2 
21 15-02-19 A 28.72 21.2 0.2049 6.73 0.0651 31.8 
22 17-02-19 A 29.31 21.6 0.2049 5.95 0.0564 27.5 
23 17-02-14 A 30.22 22.4 0.2057 8.85 0.0814 39.5 
24 14-02-25 A 29.11 21.6 0.2058 7.51 0.0717 34.8 
25 15-02-34 A 28.22 21.1 0.2075 5.5 0.0541 26.1 
26 14-02-24 A 29.39 22.0 0.2079 9.14 0.0864 41.6 
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APPENDIX B- Split Hopkinson Pressure Bar data 

% Input 
Energy Energy energy 

Test no Test name Rock type Weight Energy Input Energy Input absorbed absorbed absorbed 

28 14-02-02 A 27.71 20.9 0.2096 6.2 0.0622 29.7 
29 14-02-16 A 28.13 21.4 0.2112 5.08 0.0502 23.7 
30 17-02-44 A 28.76 22.0 0.2125 8.87 0.0857 40.3 
31 17-02-18 A 29.88 23.0 0.2134 9.26 0.0861 40.3 
32 17-02-35 A 28.66 22.3 0.2162 8.21 0.0796 36.8 
33 17-02-38 A 29.13 23.0 0.2193 6.44 0.0614 28.0 
34 14-02-03 A 27.49 21.8 0.2204 5.92 0.0598 27.1 
35 14-02-18 A 28.36 23.2 0.2271 8.03 0.0787 34.6 
36 17-02-45 A 28.46 23.4 0.2287 6.46 0.0631 27.6 
37 17-02-12 A 28.23 23.6 0.2323 8.9 0.0876 37.7 

Geometry comparison tests- Rounded specimens 
% Input 

Energy Energy energy 
Test no Test name Rock type Weight Energy Input Energy Input absorbed absorbed absorbed 

(R or A) (g) (J) (kWh/t) (J) (kWh/t) 

1 14-02-21 R 29.58 18.5 0.1737 6.8 0.0638 36.7 

2 14-02-07 R 29.91 20.4 0.1893 8.0 0.0746 39.4 
3 14-02-11 R 30.43 20.9 0.1906 8.7 0.0796 41.8 

4 15-02-09 R 29.71 20.6 0.1923 7.8 0.0733 38.1 
5 15-02-38 R 28.69 20.0 0.1936 7.8 0.0757 39.1 
6 17-02-10 R 30.72 21.6 0.1955 9.3 0.0840 43.0 

7 14-02-19 R 29.15 20.7 0.1976 7.7 0.0729 36.9 

8 14-02-12 R 29.4 20.9 0.1976 9.0 0.0849 42.9 
9 14-02-20 R 30.27 21.6 0.1983 7.7 0.0704 35.5 

10 15-02-26 R 29.85 21.7 0.2017 8.7 0.0812 40.3 
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APPENDIX B- Split Hopkinson Pressure Bar data 

% Input 
Energy Energy energy 

Test no Test name Rock type Weight Energy Input Energy Input absorbed absorbed absorbed 

12 14-02-04 R 28.81 21.0 0.2021 9.3 0.0897 44.4 
13 17-02-21 R 28.86 21.2 0.2042 8.7 0.0838 41.1 
14 17-02-28 R 30.87 22.7 0.2043 10.0 0.0896 43.9 
15 15-02-39 R 28.57 21.1 0.2053 8.8 0.0859 41.8 
16 15-02-27 R 28.44 21.0 0.2055 8.1 0.0794 38.6 

17 14-02-10 R 28.44 21.1 0.2058 7.7 0.0756 36.7 
18 15-02-24 R 28.17 20.9 0.2059 8.4 0.0825 40.1 

19 17-02-27 R 29.22 21.7 0.2059 5.4 0.0513 24.9 
20 14-02-22 R 28.87 21.5 0.2069 9.5 0.0913 44.1 

21 17-02-25 R 29.93 22.3 0.2069 8.8 0.0819 39.6 
22 17-02-30 R 28.64 21.4 0.2073 8.0 0.0774 37.3 

23 17-02-09 R 30.79 23.0 0.2074 10.9 0.0986 47.5 

24 15-02-40 R 28.22 21.1 0.2076 8.5 0.0832 40.1 

25 15-02-36 R 28.08 21.1 0.2083 7.7 0.0766 36.8 
26 15-02-37 R 28.23 21.2 0.2085 8.2 0.0805 38.6 

27 14-02-08 R 28.11 21.2 0.2095 8.5 0.0844 40.3 

28 15-02-25 R 28.2 21.3 0.2100 8.5 0.0840 40.0 

29 17-02-06 R 29.47 22.4 0.2108 8.8 0.0830 39.4 
30 17-02-22 R 28.6 22.1 0.2150 8.6 0.0835 38.9 

31 17-02-26 R 28.23 22.1 0.2176 8.6 0.0841 38.7 

32 17-02-24 R 29.22 22.9 0.2179 8.1 0.0767 35.2 

33 17-02-02 R 29.09 22.9 0.2182 7.9 0.0753 34.5 

34 17-02-23 R 28.23 22.3 0.2190 9.2 0.0901 41.2 

35 17-02-04 R 29.14 23.0 0.2196 9.2 0.0881 40.1 

36 17-02-43 R 28.32 22.4 0.2201 9.4 0.0924 42.0 

37 15-02-05 R 28.09 22.3 0.2202 7.6 0.0748 33.9 
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38 17-02-42 R 28.21 22.4 0.2206 9.3 0.0916 41.5 

39 17-02-05 R 28.14 22.4 0.2210 8.9 0.0874 39.5 

40 17-02-11 R 28 22.4 0.2219 8.0 0.0794 35.8 

41 14-02-01 R 29 23.2 0.2225 9.4 0.0897 40.3 

42 17-02-39 R 28.7 23.0 0.2228 9.3 0.0899 40.4 

43 17-02-01 R 29.09 23.4 0.2231 9.2 0.0882 39.6 

44 17-02-03 R 30.2 24.6 0.2262 10.5 0.0961 42.5 

SHPB Incremental breakage data- BS-R 

Noof 
impacts 

Energy Energy to 
input absorbed fracture t2 t5 t10 

kWh/t kWh/t 

0.2117 0.0742 2 26.08 2.25 0.39 

0.2179 0.0813 2 ' 2.84 0.92 0.15 

0.2116 0.0770 2 0.48 0.48 0.18 

0.3055 0.0988 3 0.22 0.22 0.25 

0.4229 0.1643 4 0.54 0.54 0.54 

0.6783 0.2410 5 13.90 2.26 1.30 

0.5474 0.1799 5 10.26 1.40 0.94 

0.8771 0.3196 8 14.12 0.07 0.07 

0.7843 0.2405 9 2.00 2.00 0.40 

1.0583 0.3829 10 2.38 0.97 0.46 

1.3375 0.4784 11 22.88 1.51 0.88 

1.2852 0.4758 12 14.71 0.36 0.16 
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Particle size distributions of blue stone- Single impact breakage data - Angular specimens 

Test name 14-02-02 14-02-03 14-02-13 14-02-16 14-02-17 14-02-18 14-02-23 14-02-24 14-02-26 15-02-06 15-02-10 
Specimen type A A A A A A A A A A A 

Weight (g) 27.71 27.49 28.8 28.13 30.81 28.36 29.97 29.39 28.94 30.08 29.56 
Input Energy (J) 20.91 21.81 20.61 21.39 22.02 23.18 21.37 21.99 20.67 21.05 20.2 

Input Energy(kWh/t) 0.2096 0.2204 0.1988 0.2112 0.1985 0.2271 0.1981 0.2079 0.1984 0.1944 0.1898 
Absorbed Energy Energy (J) 6.2 5.92 6.05 5.08 6.67 8.03 4.9 9.14 6.21 7.19 5.17 

Absorbed Energy(kWh/t) 0.0622 0.0598 0.0584 0.0502 0.0601 0.0787 0.0454 0.0864 0.0596 0.0664 0.0486 
% energy absorbed 29.7 27.1 29.4 23.7 30.3 34.6 22.9 41.6 30.0 34.2 25.6 

Size fractions (mm) 
22.4 0 0 0 18.29 0 0 25.69 0 15.63 0 15.51 
16 14.04 17.11 16.5 5.31 26.55 26.11 2.2 14.51 7 29.73 9.62 

11.2 11.25 9.2 10.4 4.2 3.62 0 1.03 13.52 2.29 0 1.89 
8 1.74 1 0.5 0 0.33 1.15 0.54 0.69 2.68 0 0.72 

5.6 0 0 0 0 0.09 0.45 0.1 0 0.94 0 1.05 
4 0 0.12 0.17 0 0 0.07 0 0 0.1 0 0.22 

2.8 0.017 0.1 0.04 0 0.11 0.13 0 0.2 0.11 0.03 0.1 
2 0 0.1 0.1 0.1 0 0.04 0 0.02 0.11 0.01 0.02 

1.4 0.02 0 0 0 0.08 0.04 0.05 0 0.03 0.02 0 
1 0.03 0 0.03 0.02 0.06 0.02 0 0 0.02 0 0.01 
·1 0.03 0.04 0.09 0.08 0.06 0.1 0.12 0.1 0.11 0.02 0.1 

Total mass recovered 27.1 27.7 27.8 28.0 30.9 28.1 29.7 29.0 29.0 29.8 29.2 
Mass discrepancy 0.6 -0.2 1.0 0.1 -0.1 0.3 0.2 0.3 -0.1 0.3 0.3 
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Test name 15-02-11 15-02-12 15-02-18 15-02-19 15-02-30 15-02-31 15-02-33 15-02-34 15-02-35 17-02-12 17-02-14 
Specimen type A A A A A A A A A A A 

Weight (g) 30.1 30.21 30.49 28.72 28.45 29.77 30.42 28.22 30.18 28.23 30.22 
Input Energy (J) 20.87 22.68 21.97 21.18 20.83 21.2 21.6 21.08 21.25 23.61 22.38 

Input Energy(kWh/t) 0.1926 0.2086 0.2002 0.2049 0.2034 0.1978 0.1973 0.2075 0.1956 0.2323 0.2057 
Absorbed Energy Energy (J) 5.47 7.49 5.16 6.73 5.34 7.57 4.6 5.5 6.74 8.9 8.85 

Absorbed Energy(kWh/t) 0.0505 0.0689 0.0470 0.0651 0.0521 0.0706 0.0420 0.0541 0.0620 0.0876 0.0814 
% energy absorbed 26.2 33.0 23.5 31.8 25.6 35.7 21.3 26.1 31.7 37.7 39.5 

Size fractions (mm) 
22.4 0 14.51 18.1 27.69 0 12.64 0 0 0 0 0 
16 27.37 15.53 7.98 0 28.22 13.83 24.95 28.07 29.69 9.78 11.08 

11.2 0 0 2.39 0 0 2.02 3.56 0 0 12.35 15.26 
8 1.81 0 0.93 0 0 0.1 1.17 0 0 3.83 2.24 

5.6 0.43 0 0 0 0 0.38 0.09 0 0 0.7 0.52 
4 0.15 0 0.03 0.4 0 0 0.06 0 0.23 0.34 0.39 

2.8 0.09 0.11 0.04 0.08 0.04 0.28 0.14 0 0.04 0.48 0.2 
2 0 0 0 0.04 0 0.06 0.02 0.03 0.03 0.12 0.1 

1.4 0.01 0 0.03 0.03 0 0.07 0.05 0.06 0 0.15 0.17 
1 0 0 0.02 0 0.03 0.04 0.03 0.01 0 0.04 0.11 
·1 0.08 0.02 0.05 0.04 0.06 0.13 0.08 0.03 0.01 0.03 0.21 

Total mass recovered 29.9 30.2 29.6 28.3 28.4 29.6 30.2 28.2 30.0 27.8 30.3 
Mass discrepancy 0.2 0.0 0.9 0.4 0.1 0.2 0.3 0.0 0.2 0.4 -0.1 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Test name 17-02-18 17-02-19 17-02-20 17-02-31 17-02-32 17-02-33 17-02-34 17-02-35 17-02-36 17-02-37 17-02-44 17-02-45 
Specimen type A A A A A A A A A A A A 

Weight (g) 29.88 29.31 30.37 29.49 30.13 30.45 29.84 28.66 29.4 29.44 28.76 28.46 
Input Energy (J) 22.95 21.62 22.36 21.01 20.23 20.13 21.23 22.3 21.65 21.69 21.998 23.43 

Input Energy(kWh/t) 0.2134 0.2049 0.2045 0.1979 0.1865 0.1836 0.1976 0.2162 0.2046 0.2047 0.2125 0.2287 
Absorbed Energy Energy (J) 9.26 5.95 7.03 6.45 7.05 5.36 6.86 8.21 6.17 8.51 8.87 6.46 

Absorbed Energy(kWh/t) 0.0861 0.0564 0.0643 0.0608 0.0650 0.0489 0.0639 0.0796 0.0583 0.0803 0.0857 0.0631 
% energy absorbed 40.3 27.5 31.4 30.7 34.8 26.6 32.3 36.8 28.5 39.2 40.3 27.6 

Size fractions (mm) 
22.4 0 0 0 0 17.03 0 25.01 0 0 0 0 0 
16 18.54 29.2 26.62 28.77 10.92 29.9 0 27.34 24.98' 22.88 26.9 7.21 

11.2 6.94 0 1.83 0 0 0 3.32 0 1.98 5.55 0.57 19.89 
8 1.98 0 1.13 0.32 1.64 0 0.55 0 1.85 0 0.74 0 

5.6 1.2 0 0.17 0.1 0 0 0.1 0.67 0.34 0.38 0 0 
4 0.32 0 0.21 0.13 0.02 0.09 0.32 0.25 0 0.39 0.25 0.51 

2.8 0.09 0.01 0 0 0.13 0.04 0.1 0.04 0.05 0.1 0 0.19 
2 0.01 0.03 0 0.01 0.03 0.14 0.01 0.05 0.03 0.03 0 0.15 

1.4 0.01 0 0.03 0 0.03 0.08 0 0.04 0.04 0 0 0.13 
1 0 0 0 0 0 0.03 0 0.04 0.03 0 0 0 
·1 0.1 0.01 0.06 0.03 0.09 0.01 0.09 0.04 0.01 0.01 0.03 0.09 

Total mass recovered 29.2 29.3 30.1 29.4 29.9 30.3 29.5 28.5 29.3 29.3 28.5 28.2 
Mass discrepancy 0.7 0.1 0.3 0.1 0.2 0.2 0.3 0.2 0.1 0.1 0.3 0.3 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Particle size distributions of blue stone- Single impact breakage data - Rounded specimens 

Test name 17-02-27 14-02-21 14-02-20 14-02-19 15-02-09 14-02-07 15-02-05 17-02-02 14-02-10 15-02-38 15-02-36 17-02-24 
Specimen type R R R R R R R R R R R R 

Weight (g) 29.22 29.58 30.27 29.15 29.71 29.91 28.09 29.09 28.44 28.69 28.08 29.22 
Input Energy (J) 21.66 18.5 21.61 20.73 20.57 20.38 22.27 22.85 21.07 19.99 21.05 22.92 

Input Energy(kWh/t) 0.2059 0.1737 0.1983 0.1976 0.1923 0.1893 0.2202 0.2182 0.2058 0.1936 0.2083 0.2179 
Absorbed Energy (J) 5.4 6.79 7.67 7.65 7.84 8.03 7.56 7.88 7.74 7.82 7.74 8.07 

Absorbed Energy(kWh/t) 0.0513 0.0638 0.0704 0.0729 0.0733 0.0746 0.0748 0.0753 0.0756 0.0757 0.0766 0.0767 
% energy absorbed 24.9 36.7 35.5 36.9 38.1 39.4 33.9 34.5 36.7 39.1 36.8 35.2 

Size fractions (mm) 
22.4 0 0 0 0 0 0 0 0 0 0 0 0 
16 24.85 28.43 9.28 25.16 14.49 11.32 14.37 18.6 27.26 22.61 27.37 28.18 

11.2 3.97 0 19.22 3.14 14.33 17.2 12.44 9.83 0 5.01 0 2.63 
8 0 0.54 0.73 0 0 0 0.48 0 0 0 0 0 

5.6 0 0.22 0.17 0.28 0.61 0.6 0.35 0 0.17 0.3 0 0 
4 0 0.04 0.43 0 0 0.13 0.04 0 0.29 0.26 0 0 

2.8 0.12 0.12 0.06 0.11 0 0.17 0 0.22 0.18 0.13 0.31 0 
2 0.06 0.06 0 0.09 0 0.07 0.08 0 0.05 0.08 0 0 

1.4 0 0 0.03 0.07 0 0.05 0 0 0 0 0.02 0 
1 0 0.05 0.03 0 0.01 0.05 0 0 0 0 0.02 0.01 
-1 0.03 0.07 0.11 0.13 0.04 0.11 0.1 0.09 0.04 0.1 0.05 0 

Total mass recovered 29.0 29.5 30.1 29.0 29.5 29.7 27.9 28.7 28.0 28.5 27.8 30.8 
Mass discrepancy 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.4 0.4 0.2 0.3 -1.6 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Test name 17-02-30 17-02-11 17-02-29 15-02-27 14-02-11 15-02-37 15-02-26 17-02-25 15-02-24 17-02-06 15-02-40 17-02-22 
Specimen type R R R R R R R R R R R R 

Weight (g) 28.64 28 30.03 28.44 30.43 28.23 29.85 29.93 28.17 29.47 28.22 28.6 
Input Energy (J) 21.37 22.37 21.84 21.04 20.88 21.19 21.67 22.29 20.88 22.36 21.09 22.13 

Input Energy(kWh/t) 0.2073 0.2219 0.2020 0.2055 0.1906 0.2085 0.2017 0.2069 0.2059 0.2108 0.2076 0.2150 
Absorbed Energy (J) 7.98 8 8.58 8.13 8.72 8.18 8.73 8.82 8.37 8.8 8.45 8.6 

Absorbed Energy(kWh/t) 0.0774 0.0794 0.0794 0.0794 0.0796 0.0805 0.0812 0.0819 0.0825 0.0830 0.0832 0.0835 
% energy absorbed 37.3 35.8 39.3 38.6 41.8 38.6 40.3 39.6 40.1 39.4 40.1 38.9 

Size fractions (mm) 
22.4 0 0 0 0 0 0 0 0 0 0 0 0 
16 19.81 27.3 25.42 14.83 15.96 15.87 25.89 28.63 11.41 22.33 22.53 22.14 

11.2 8.45 0 0 11.89 13.99 11.68 0 0 16.04 6.37 2.7 5.56 
8 0.1 0 3.52 0 0 0 2.1 0.39 0 0 1.05 0.5 

5.6 0 0.43 0.2 0.64 0 0 1.16 0.1 0.16 0.3 0.8 0 
4 0.03 0.1 0.32 0.25 0.11 0 0 0.18 0 0.08 0.06 0 

2.8 0 0 0.11 0.2 0.08 0.1 0.18 0.11 0.03 0.03 0.43 0.04 
2 0 0 0.03 0.08 0.06 0.06 0.08 0.05 0 0.03 0.16 0 

1.4 0 0 0.05 0.02 0.04 0.07 0 0 0 0.02 0.06 0.05 
1 0 0 0.05 0.02 0.05 0.01 0.05 0.04 0 0.02 0.06 0 
-1 0.02 0.05 0 0.12 0.07 0.05 0.09 0.13 0.03 0.07 0.12 0.11 

Total mass recovered 28.4 27.9 29.7 28.1 30.4 27.8 29.6 29.6 27.7 29.3 28.0 28.4 
Mass discrepancy 0.2 0.1 0.3 0.4 0.1 0.4 0.3 0.3 0.5 0.2 0.3 0.2 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Test name 17-02-21 17-02-10 15-02-25 17-02-26 14-02-08 14-02-12 15-02-39 17-02-05 17-02-04 17-02-01 17-02-28 14-02-01 
Specimen type R R R R R R R R R R R R 

Weight (g) 28.86 30.72 28.2 28.23 28.11 29.4 28.57 28.14 29.14 29.09 30.87 29 
Input Energy (J) 21.21 21.62 21.32 22.11 21.2 20.91 21.11 22.39 23.04 23.36 22.7 23.23 

Input Energy(kWh/t) 0.2042 0.1955 0.2100 0.2176 0.2095 0.1976 0.2053 0.2210 0.2196 0.2231 0.2043 0.2225 
Absorbed Energy (J) 8.71 9.29 8.53 8.55 8.54 8.98 8.83 8.85 9.24 9.24 9.96 9.36 

Absorbed Energy(kWh/t) 0.0838 0.0840 0.0840 0.0841 0.0844 0.0849 0.0859 0.0874 0.0881 0.0882 0.0896 0.0897 
% energy absorbed 41.1 43.0 40.0 38.7 40.3 42.9 41.8 39.5 40.1 39.6 43.9 40.3 

Size fractions (mm) 
22.4 0 0 0 0 24.19 0 0 0 0 0 0 
16 30.48 23.34 26.52 27.82 3.9 19.83 17.66 20.59 25.05 30.2 9.29 

11.2 0 3.78 0 0 0 7.35 10.54 7.42 4.27 0 14.78 
8 0 0 0 0 0 0 0 0 0 0 2.91 

5.6 0 0.24 0.123 0 0.72 0.66 0.23 0.38 0 0 0.58 
4 0 0.2 0.12 0.03 0.14 0.19 0 0.21 0.06 0 0.53 

2.8 0.06 0.17 0.07 0 0.05 0.24 0.09 0.07 0.06 0.26 0.47 
2 0.02 0 0 0 0.05 0.05 0 0.07 0.02 0.06 0.07 

1.4 0.03 0.02 0 0.02 0.05 0.02 0.01 0 0.01 0 0.03 
1 0 0 0 0 0 0.02 0 0 0 0 0 
-1 0.05 0.07 0.07 0.06 0.14 0.01 0.05 0.12 0.07 0.03 0.05 

Total mass recovered 0.0 30.6 27.8 26.9 27.9 29.2 28.4 28.6 28.9 29.5 30.6 28.7 
Mass discrepancy 28.9 0.1 0.4 1.3 0.2 0.2 0.2 -0.4 0.3 -0.4 0.3 0.3 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Test name 14-02-04 17-02-39 17-02-23 14-02-22 17-02-42 17-02-43 17-02-03 17-02-09 
Specimen type R R R R R R R R 

Weight (g) 28.81 28.7 28.23 28.87 28.21 28.32 30.2 30.79 
Input Energy (J) 20.96 23.02 22.25 21.5 22.4 22.44 24.59 22.99 

Input Energy(kWh/t) 0.2021 0.2228 0.2190 0.2069 0.2206 0.2201 0.2262 0.2074 
Absorbed Energy (J) 9.3 9.29 9.16 9.49 9.3 9.42 10.45 10.93 

Absorbed Energy(kWh/t) 0.0897 0.0899 0.0901 0.0913 0.0916 0.0924 0.0961 0.0986 
% energy absorbed 44.4 40.4 41.2 44.1 41.5 42.0 42.5 47.5 

Size fractions (mm) 
22.4 0 0 0 0 0 0 0 0 
16 16.75 9.78 0 28.21 21.99 17.62 12.72 27.7 

11.2 10.25 16.86 27.51 0 5.86 9.23 12.29 0 
8 0.29 0 0 0 0 0 2.46 0.75 

5.6 0.62 0.88 0 0 0 0.43 0.95 0.69 
4 0.19 0.15 0.24 0.34 0.49 0.19 0.77 0.39 

2.8 0.2 0.16 0.16 0.04 0.04 0.37 0.31 0.06 
2 0.09 0.12 0.06 0 0.03 0.03 0.08 0.11 

1.4 0 0.04 0.04 0.04 0.07 0.04 0.14 0.06 
1 0 0.1 0.02 0.04 0.06 0.04 0.04 0.03 
·1 0.17 0.25 0.03 0.08 0.05 0.16 0.24 0.15 

Total mass recovered 28.6 28.3 28.1 28.8 28.6 28.1 30.0 29.9 
Mass discrepancy 0.2 0.4 0.2 0.1 -0.4 0.2 0.2 0.9 
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APPENDIX B- Split Hopkinson Pressure Bar data 

Particle size distributions of blue stone- Incremental breakage data - Rounded specimens 

Rock type (R or A) rou rou rou rou rou rou rou rou rou rou rou rou 
Weight (g) 26.83 27.4 27.48 27.74 25.82 25.26 26.56 26.99 26.25 27.48 27.55 27.53 
Energy Inp (J) 65.51 77.36 30.22 105.67 19.68 116.86 20.84 85.21 51.72 20.93 41.93 132.54 
Energy Inp (kWh!t) 0.6783 0.7843 0.3055 1.0583 0.2117 1.2852 0.2179 0.8771 0.5474 0.2116 0.4229 1.3375 
Energy abs (J) 23.27 23.72 9.77 38.23 6.90 43.26 7.78 31.05 17.00 7.62 16.29 47.41 
Energy abs (kWh!t) 0.2410 0.2405 0.0988 0.3829 0.0742 0.4758 0.0813 0.3196 0.1799 0.0770 0.1643 0.4784 
% Input energy absort 35.5 30.7 32.3 36.2 35.1 37.0 37.3 36.4 32.9 36.4 38.8 35.8 
No hits to breakage 5 9 3 10 2 12 2 8 5 2 4 11 

PSD data 31.5 0 0 0 0 0 0 0 0 0 0 0 0 
22.4 0 0 0 0 0 0 0 0 0 0 0 0 

16 21.53 26.5 27.27 25.03 17.53 19.85 25.69 21.38 22.99 27.15 27.4 19.36 
11.2 4.38 0 0 0 5.04 5.1 0 5.33 2.71 0 0 5.97 

8 0 0 0 0 2.58 0 0 0 0.44 0 0 1.51 
5.6 0 0 0 0.4 0 0 0.56 0 0 0 0 0.15 

4 0.16 0.2 0 0.05 0.34 0 0.15 0 0.08 0 0 0.12 
2.8 0.11 0.24 0 0.05 0.14 0.05 0 0 0.05 0.08 0 0.05 

2 0.1 0.05 0.06 0.06 0 0 0 0 0.06 0 0 0.07 
1.4 0.07 0.01 0 0.01 0 0 0.02 0 0 0 0 0 

-1.4 0.07 0.02 0 0 0 0 0 0 0 0 0.1 0.05 
0.09 0.02 0 0.04 0.1 0.04 0.02 0.02 0.18 0.05 0.05 0.11 

Total mas! 26.51 27.04 27.33 25.64 25.73 25.04 26.44 26.73 26.51 27.28 27.55 27.39 
Mass disc 0.32 0.36 0.15 2.1 0.09 0.22 0.12 0.26 -0.26 0.2 0 0.14 
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RBT SINGLE IMPACT BREAKAGE DATA 
AG1-A: Angular Gold ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 

Calibrated RPM required 

RPM Used 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

0.25 

1357 

13.2 -16mm (S) 
1 2.5 

2641 4103 

2641 4103 

138.9 146.6 

30 30 

4.6 4.9 

1.03 2.49 

APPENDIXC 

19 -22.4mm (M) 
0.25 1 2.5 

1357 2641 4103 

2641 4103 

406.8 446.2 

30 30 

13.6 14.9 

1.03 2.49 

University of Cape Town - Centre for Minerals Research 

26.5 -31.5mm (L) 
0.25 1 2.5 

1357 2641 4103 

2641 4103 

1300.5 965.3 

30 30 

43.4 32.2 

1.03 2.49 



APPENDIXC 

Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

13.2 10.2 7.4 92.6 0 0.0 100.0 
9.5 10.4 7.5 85.1 2.6 1.8 98.2 
6.7 13.5 9.7 75.4 0.7 0.5 97.8 

4.75 13.9 10.0 65.4 5.7 3.9 93.9 
3.35 11.9 8.6 56.8 9.3 6.3 87.5 
2.36 14 10.1 46.7 12.4 8.5 79.1 

1.7 11 7.9 38.8 12 8.2 70.9 
1.18 9.9 7.1 31.7 13.4 9.1 61.8 
0.85 7 5.0 26.6 11.1 7.6 54.2 

0.6 7.9 5.7 20.9 13.3 9.1 45.1 
0.425 5.5 4.0 16.9 10.2 7.0 38.2 

0.3 5.2 3.7 13.2 10.8 7.4 30.8 
0.212 4.2 3.0 10.2 9.4 6.4 24.4 

0.15 3.5 2.5 7.6 8.9 6.1 18.3 
0.106 2.4 1.7 5.9 6.3 4.3 14.0 

Pan 8.2 5.9 0.0 20.6 14.0 0.0 
Totals 138.7 100 146.7 100 
Mass discrepancy 0.2 -0.1 

t2 77.4 97.8 
t4 58.5 88.8 
t5 52.3 83.7 
tlO 35.4 66.6 
P80 size 8.02 2.471 
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APPENDIXC 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.S 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

19 0 0.0 100.0 0 0.0 100.0 
13.2 9.6 2.4 97.6 29.1 6.6 93.4 

9.5 26.9 6.6 91.0 9.2 2.1 91.4 
6.7 51.3 12.6 78.4 22 5.0 86.4 

4.75 51 12.5 65.9 33.6 7.6 78.9 
3.35 41.9 10.3 55.5 35.4 8.0 70.9 
2.36 40.5 10.0 45.6 37.3 8.4 62.5 

1.7 29.2 7.2 38.4 29.8 6.7 55.8 
1.18 28.7 7.1 31.3 33.2 7.5 48.3 
0.85 20.2 5.0 26.4 24.5 5.5 42.8 

0.6 23.7 5.8 20.5 31.8 7.2 35.6 
0.425 16.4 4.0 16.5 24.6 5.5 30.1 

0.3 16.1 4.0 12.5 26.3 5.9 24.2 
0.212 12.3 3.0 9.5 22.4 5.0 19.1 

0.15 10.4 2.6 7.0 20.7 4.7 14.5 
Pan 28.3 7.0 0.0 64.2 14.5 0.0 
Totals 406.5 100 444.1 100 
Mass discrepancy 0.3 2.1 

t2 92.5 91.8 
t4 68.5 80.4 
t5 61.3 75.3 
tlO 42.4 59.5 
P80size 7.05 5.04 
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APPENDIXC 

Particle size distributions 26.5 -31.5mm (L) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

26.5 38.7 3.0 97.0 30.3 3.1 96.9 

19 122.2 9.4 87.6 12.3 1.3 95.6 
13.2 167.5 12.9 74.7 54.3 5.6 89.9 

9.5 132.7 10.2 64.5 46.7 4.8 85.1 
6.7 119.6 9.2 55.3 68.8 7.1 78.0 

4.75 126.4 9.7 45.6 83.8 8.7 69.3 
3.35 93.7 7.2 38.4 67.3 7.0 62.3 

2.36 84.8 6.5 31.9 73.6 7.6 54.6 

1.7 62.8 4.8 27.1 58.8 6.1 48.5 

1.18 60.9 4.7 22.4 63 6.5 42.0 

0.85 43.2 3.3 19.0 47.2 4.9 37.1 
0.6 50.7 3.9 15.1 59.3 6.2 30.9 

0.425 35.7 2.7 12.4 44.9 4.7 26.3 
0.3 36.1 2.8 9.6 48 5.0 21.3 

0.212 28.4 2.2 7.4 41.7 4.3 17.0 

Pan 96.7 7.4 0.0 163.6 17.0 0.0 

Totals 1300.1 100 963.6 100 
Mass discrepancy 0.4 1.7 

t2 77.5 91.2 

t4 57.1 79.3 

t5 50.7 73.8 

tlO 35.4 58.7 

P80size 15.57 7.50 

AG2-1396: Angular Gold ore 
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AG1-R: Rounded Gold ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 

Calibrated RPM required 

RPM Used 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

APPENDIXC 

13.2 -16mm (S) 19 -22.4mm (M) 
0.25 1 2.5 0.25 1 2.5 
1357 2641 4103 1357 2641 4103 
1357 2641 4103 1357 2641 4103 

165.9 161.4 406.8 446.2 
30 30 30 30 

5.5 5.4 13.6 14.9 

1.03 2.49 1.03 2.49 
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26.5 -31.Smm (L) 
0.25 1 2.5 
1357 2641 4103 
1357 2641 4103 

1300.5 965.3 
30 30 

43.4 32.2 

1.03 2.49 

v 



APPENDIXC 

Particle size distributions 13.2 -16mm (S) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

13.2 0 0.0 100.0 0 0.0 100.0 
9.5 5.3 3.2 96.8 10.5 6.5 93.5 

6.7 19.2 11.6 85.2 4.1 2.5 90.9 

4.75 26.4 15.9 69.3 5.4 3.4 87.6 

3.35 21.6 13.0 56.2 10.3 6.4 81.2 

2.36 19.5 11.8 44.5 14.2 8.8 72.3 

1.7 13.3 8.0 36.5 12.3 7.6 64.7 

1.18 11.3 6.8 29.6 14 8.7 56.0 

0.85 7.2 4.3 25.3 10.3 6.4 49.6 

0.6 9 5.4 19.9 12.7 7.9 41.7 

0.425 6.3 3.8 16.1 9.9 6.2 35.6 

0.3 6.1 3.7 12.4 10.6 6.6 29.0 

0.212 4.9 3.0 9.4 9.2 5.7 23.2 

0.15 4.2 2.5 6.9 9 5.6 17.7 

0.106 3 1.8 5.1 6.8 4.2 13.4 

Pan 8.4 5.1 0.0 21.6 13.4 0.0 

Totals 165.7 100 160.9 100 

Mass discrepancy 0.2 0.5 

t2 87.6 91.4 

t4 58.9 82.5 

t5 51.0 n.2 
tl0 33.2 60.6 

P80 size 6.06 3.221 
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APPENDIXC 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

19 0 0.0 100.0 0 0.0 100.0 
13.2 9.6 2.4 97.6 29.1 6.6 93.4 

9.5 26.9 6.6 91.0 9.2 2.1 91.4 
6.7 51.3 12.6 78.4 22 5.0 86.4 

4.75 51 12.5 65.9 33.6 7.6 78.9 
3.35 41.9 10.3 55.5 35.4 8.0 70.9 
2.36 40.5 10.0 45.6 37.3 8.4 62.5 

1.7 29.2 7.2 38.4 29.8 6.7 55.8 
1.18 28.7 7.1 31.3 33.2 7.5 48.3 
0.85 20.2 5.0 26.4 24.5 5.5 42.8 

0.6 23.7 5.8 20.5 31.8 7.2 35.6 
0.425 16.4 4.0 16.5 24.6 5.5 30.1 

0.3 16.1 4.0 12.5 26.3 5.9 24.2 
0.212 12.3 3.0 9.5 22.4 5.0 19.1 

0.15 10.4 2.6 7.0 20.7 4.7 14.5 
Pan 28.3 7.0 0.0 64.2 14.5 0.0 
Totals 406.5 100 444.1 100 
Mass discrepancy 0.3 2.1 

t2 92.5 91.8 
t4 68.5 80.4 
t5 61.3 75.3 
tlO 42.4 59.5 
P80 size 7.05 5.04 
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APPENDIXC 

Particle size distributions 26.5 -31.5mm (l) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wt above %retained Cumu %passing Wtabove %retained Cumu %passing 

26.5 38.7 3.0 97.0 30.3 3.1 96.9 
19 122.2 9.4 87.6 12.3 1.3 95.6 

13.2 167.5 12.9 74.7 54.3 5.6 89.9 
9.5 132.7 10.2 64.5 46.7 4.8 85.1 
6.7 119.6 9.2 55.3 68.8 7.1 78.0 

4.75 126.4 9.7 45.6 83.8 8.7 69.3 
3.35 93.7 7.2 38.4 67.3 7.0 62.3 
2.36 84.8 6.5 31.9 73.6 7.6 54.6 

1.7 62.8 4.8 27.1 58.8 6.1 48.5 
1.18 60.9 4.7 22.4 63 6.5 42.0 
0.85 43.2 3.3 19.0 47.2 4.9 37.1 

0.6 50.7 3.9 15.1 59.3 6.2 30.9 
0.425 35.7 2.7 12.4 44.9 4.7 26.3 

0.3 36.1 2.8 9.6 48 5.0 21.3 
0.212 28.4 2.2 7.4 41.7 4.3 17.0 

Pan 96.7 7.4 0.0 163.6 17.0 0.0 
Totals 1300.1 100 963.6 100 
Mass discrepancy 0.4 1.7 

t2 77.5 91.2 
t4 57.1 79.3 
t5 50.7 73.8 
tlO 35.4 58.7 
P80 size 15.57 7.50 

AG3-1397: Angular Gold ore 
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AG2-A: Angular Gold ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 

Calibrated RPM required 

RPM Used 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

APPENDIX C 

13.2 -16mm (S) 19 -22.4mm (M) 
0.25 1 2.5 0.25 1 2.5 

1357 2641 4103 1357 2641 4103 

2641 4103 

140.4 163.2 

30 30 

4.7 5.4 

1.03 2.49 

University of Cape Town - Centre for Minerals Research 

26.5 -31.5mm (L) 
0.25 1 2.5 

1357 2641 4103 

2641 4103 

980.7 963.1 

30 30 

32.7 32.1 

1.03 2.49 

IX 



APPENDIX C 

Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wt above Wtabove 

13.2 17.6 12.5 87.5 0 0.0 100.0 

9.5 7.5 5.3 82.1 0 0.0 100.0 
6.7 13.5 9.6 72.5 9.7 6.0 94.0 

4.75 19.7 14.0 58.5 22.2 13.7 80.4 

3.35 14.7 10.5 48.0 13.3 8.2 72.2 

2.36 12.8 9.1 38.9 15.1 9.3 62.9 

1.7 10.9 7.8 31.1 11.3 7.0 55.9 

1.18 9.3 6.6 24.5 10.8 6.6 49.3 

0.85 5.4 3.8 20.7 9.6 5.9 43.4 , 
0.6 6.3 4.5 16.2 11.9 7.3 36.1 

0.425 4.3 3.1 13.1 8.7 5.4 30.7 

0.3 4.2 3.0 10.1 9.1 5.6 25.1 

0.212 3.3 2.4 7.8 7.7 4.7 20.4 

0.15 2.7 1.9 5.8 7 4.3 16.1 

0.106 1.8 1.3 4.6 5.3 3.3 12.8 

Pan 6.4 4.6 0.0 20.8 12.8 0.0 

Totals 140.4 100 162.5 100 

Mass discrepancy 0 0.7 

t2 74.5 95.2 

t4 50.1 73.8 

t5 43.9 68.0 

t10 28.0 52.8 

P80size 8.88 4.691 
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APPENDIXC 

Particle size distributions 26.5 -31.5mm (L) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove Wtabove 

26.5 0 0.0 100.0 0 0.0 100.0 

19 58.2 5.9 94.1 38.5 4.0 96.0 

13.2 171.2 17.5 76.6 40.7 4.2 91.8 

9.5 103.6 10.6 66.0 27.8 2.9 88.9 

6.7 119.9 12.2 53.8 60.8 6.3 82.5 

4.75 103.7 10.6 43.2 84 8.7 73.8 

3.35 73.1 7.5 35.8 81.1 8.4 65.4 

2.36 63.9 6.5 29.3 82.5 8.6 56.8 

1.7 48.1 4.9 24.4 64.2 6.7 50.1 

1.18 41.3 4.2 20.1 70.1 7.3 42.8 

0.85 31 3.2 17.0 52.8 5.5 37.3 

0.6 34.9 3.6 13.4 62.4 6.5 30.8 

0.425 24.2 2.5 11.0 48.7 5.1 25.8 

0.3 23.9 2.4 8.5 51.6 5.4 20.4 
0.212 19.2 2.0 6.6 42.8 4.5 15.9 

Pan 64.3 6.6 0.0 153.2 15.9 0.0 

Totals 980.5 100 961.2 100 

Mass discrepancy 0.2 1.9 

t2 80.4 92.7 

t4 56.1 83.7 

t5 48.8 78.4 

tlO 32.7 61.4 

P80 size 14.33 6.13 

AG4-1372: Angular Gold ore 
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AG2-R: Rounded Gold ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 

Calibrated RPM required 

RPM Used 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

APPENDIXC 

13.2 -16mm (S) 19 -22.4mm (M) 
0.25 1 2.5 0.25 1 2.5 

1357 2641 4103 1357 2641 4103 

1357 2641 4103 1357 2641 4103 

184.9 190.6 493.5 656.1 

30 30 30 30 

6.2 6.4 16.5 21.9 

1.03 2.49 1.03 2.49 

University of Cape Town - Centre for Minerals Research 

26.5 -31.5mm (L) 
0.25 1 2.5 

1357 2641 4103 

1357 2641 4103 

2964.6 

30 

98.8 

0.27 
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APPENDIXC 

Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

13.2 0 0.0 100.0 0 0.0 100.0 
9.5 10.2 5.5 94.5 0 0.0 100.0 
6.7 17.7 9.6 84.8 5.3 2.8 97.2 

4.75 23.3 12.7 72.2 14.2 7.5 89.7 
3.35 22.1 12.0 60.2 15.1 8.0 81.7 

2.36 22.3 12.1 48.1 20.5 10.8 70.8 
1.7 15 8.1 39.9 15.8 8.4 62.5 

1.18 13.1 7.1 32.8 15.6 8.3 54.2 
0.85 7.8 4.2 28.6 11.9 6.3 47.9 

0.6 10.9 5.9 22.7 14.9 7.9 40.1 
0.425 7.6 4.1 18.5 11.2 5.9 34.1 

0.3 7.4 4.0 14.5 11.8 6.2 27.9 
0.212 5.9 3.2 11.3 10.3 5.4 22.4 

0.15 5.2 2.8 8.5 9.5 5.0 17.4 
0.106 3.6 2.0 6.5 7 3.7 13.7 

Pan 12 6.5 0.0 25.9 13.7 0.0 
Totals 184.1 100 189 100 
Mass discrepancy 0.8 1.6 

t2 86.8 97.8 

t4 62.6 83.3 
t5 54.8 76.8 
tl0 36.5 58.6 
P80size 5.95 3.20\ 
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APPENDIXC 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

19 0 0.0 100.0 0 0.0 100.0 
13.2 17.2 3.5 96.5 3.4 0.5 99.5 
9.5 59.7 12.1 84.4 9.8 1.5 98.0 
6.7 52.6 10.7 73.7 29.9 4.6 93.4 

4.75 65.5 13.3 60.4 47.2 7.2 86.2 
3.35 51.5 10.4 50.0 56.8 8.7 77.5 
2.36 46.4 9.4 40.6 61.9 9.5 68.1 
1.7 32.4 6.6 34.0 49.5 7.6 60.5 

1.18 29.5 6.0 28.0 53.9 8.2 52.3 
0.85 21.3 4.3 23.7 40.7 6.2 46.1 

0.6 22.9 4.6 19.1 48.2 7.4 38.7 
0.425 16.7 3.4 15.7 36.8 5.6 33.1 

0.3 17.1 3.5 12.2 40 6.1 27.0 
0.212 14 2.8 9.4 35 5.3 21.6 

0.15 12.2 2.5 6.9 33.1 5.1 16.5 
Pan 33.9 6.9 0.0 108.3 16.5 0.0 
Totals 492.9 100 654.5 100 
Mass discrepancy 0.6 1.6 

t2 87.1 98.3 
t4 63.2 87.7 
t5 55.8 82.3 
tlO 37.6 64.7 
P80size 8.35 3.75 

University of Cape Town - Centre for Minerals Research XIV 



APPENDIXC 

Particle size distributions 26.5 -31.5mm (L) I 
ENERGY (kWh/t) 
Size (mm) 

Pan 
Totals 

Mass discrepancy 

t2 

t4 
t5 

t10 
P80 size 

26.5 

19 

13.2 

9.5 

6.7 

4.75 

3.35 

2.36 

1.7 

1.18 

0.85 
0.6 

0.425 

0.3 

0.212 

0.25 
Wtabove %retained 

0 0.0 
511.1 17.2 

1043.9 35.2 
454.5 15.3 

371.5 12.5 
166.2 5.6 

94.9 3.2 

71.4 2.4 
46.2 1.6 
40.6 1.4 
28.4 1.0 
25.7 0.9 
20.5 0.7 

19.5 0.7 

16.2 0.5 
52.4 1.8 
2963 100.0 

1.6 

University of Cape Town - Centre for Minerals Research 

Cumu %passing 
100.0 

82.8 

47.5 

32.2 

19.6 
14.0 

10.8 

8.4 

6.9 

5.5 

4.5 

3.7 

3.0 

2.3 

1.8 

0.0 

55.1 

22.0 
17.0 

9.7 

17.801 
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BS2·R: Rounded Blue Stone ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 0.25 

Calibrated RPM required 1357 

RPM Used 1357 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

13.2 -16mm (S) 
1 

2641 

2641 

149.2 

30 

5.0 

1.03 

APPENDIXC 

19 -22.4mm (M) 
2.5 0.25 1 

4103 1357 2641 

4103 1357 2641 

165.2 880.9 

30 30 

5.5 29.4 

2.49 1.03 

University of Cape Town - Centre for Minerals Research 

26.5 -31.smm (L) 
2.5 0.25 1 2.5 

4103 1357 2641 4103 

4103 1357 2641 4103 

929.6 1203.9 1245.3 

30 30 30 

31.0 40.1 41.5 

2.49 1.03 2.49 
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Particle size distributions 13.2 -16mm (5) 
ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove Wtabove 

13.2 0 0.0 100.0 10.7 6.5 93.5 

9.5 14.3 9.7 90.3 3.2 1.9 91.6 

6.7 26.4 17.8 72.5 8.3 5.0 86.6 

4.75 20 13.5 59.0 18.2 11.0 75.6 

3.35 19.4 13.1 45.9 16.1 9.7 65.9 

2.36 17.9 12.1 33.8 17.7 10.7 55.2 

1.7 10.9 7.4 26.4 14.4 8.7 46.5 

1.18 9.4 6.4 20.1 13.5 8.2 38.3 

0.85 1.1 0.7 19.3 7.3 4.4 33.9 

0.6 6.5 4.4 14.9 8.9 5.4 28.5 

0.425 4.2 2.8 12.1 5.7 3.4 25.1 

0.3 3.8 2.6 9.5 5.6 3.4 21.7 

0.212 2.8 1.9 7.6 4.8 2.9 18.8 

0.15 2.4 1.6 6.0 4.8 2.9 15.9 

0.106 1.7 1.1 4.9 3.9 2.4 13.5 

Pan 7.2 4.9 0.0 22.4 13.5 0.0 

Totals 148 100 165.5 100 

Mass discrepancy 1.2 -0.3 

t2 76.1 87.6 

t4 48.5 67.8 

t5 40.5 61.1 

tl0 23.4 42.6 

P80size 7.88 5.531 
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APPENDIXC 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wt above %retained Cumu %passing Wtabove %retained Cumu %passing 

19 0 0.0 100.0 0 0.0 100.0 

13.2 68.1 7.7 92.3 21.8 2.4 97.6 

9.5 141 16.0 76.2 34.9 3.8 93.9 

6.7 135.4 15.4 60.8 99.1 10.7 83.2 

4.75 125.8 14.3 46.5 111.7 12.0 71.2 

3.35 97.8 11.1 35.4 96.4 10.4 60.8 

2.36 78.9 9.0 26.4 101.4 10.9 49.8 

1.7 52.3 5.9 20.5 76.9 8.3 41.5 

1.18 43.5 4.9 15.5 74 8.0 33.6 

0.85 25.4 2.9 12.6 51 5.5 28.1 

0.6 25 2.8 9.8 51 5.5 22.6 

0.425 15 1.7 8.1 33.1 3.6 19.0 

0.3 13.9 1.6 6.5 32.3 3.5 15.5 

0.212 10.4 1.2 5.3 24.6 2.7 12.9 

0.15 9.1 1.0 4.3 23 2.5 10.4 

Pan 37.5 4.3 0.0 96.2 10.4 0.0 

Totals 879.1 100 927.4 100 

Mass discrepancy 1.8 2.2 

t2 79.7 94.7 

t4 49.5 73.7 

t5 41.5 66.5 

tlO 23.7 46.1 

P80 size 10.37 6.18 
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APPENDIX C 

Particle size distributions 26.5 -31.5mm (L) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing Wtabove %retained Cumu %passing 

26.5 0 0.0 100.0 0 0.0 100.0 
19 0 0.0 100.0 104 8.4 91.6 

13.2 22.7 1.9 98.1 163.9 13.2 78.5 
9.5 50.5 4.2 93.9 164.8 13.3 65.2 

6.7 130.3 10.8 83.1 180.7 14.5 50.7 
4.75 128.8 10.7 72.4 143.2 11.5 39.1 

3.35 131.4 10.9 61.4 110.6 8.9 30.3 

2.36 129.8 10.8 50.6 93.4 7.5 22.7 

1.7 102.8 8.5 42.1 59.7 4.8 17.9 

1.18 94 7.8 34.3 50.4 4.1 13.9 

0.85 60.1 5.0 29.3 29.8 2.4 11.5 

0.6 60.4 5.0 24.3 29.2 2.3 9.1 

0.425 38.8 3.2 21.0 18.1 1.5 7.7 

0.3 39 3.2 17.8 16.9 1.4 6.3 

0.212 31.7 2.6 15.2 13.3 1.1 5.3 

Pan 182.3 15.2 0.0 65.3 5.3 0.0 

Totals 1202.6 100 1243.3 100 

Mass discrepancy 1.3 2 

t2 98.5 81.3 

t4 85.1 53.4 

t5 78.0 45.2 

t10 56.4 26.8 

P80 size 6.14 13.88 
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APPENDIXC 

6 Groups of 5 particles each -22.4+19mm 

6 groups of 5 particles each % cumulative passing Group 1 Group 2 Group 3 Group 4 GroupS Group 6 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 19 100.00 100.00 100.00 100.00 100.00 100.00 

Sample Weight (g) 122.2 133.7 122.9 146 126.2 143.2 13.2 77.25 89.23 85.68 84.11 89.70 83.17 
Screen Aperture (mm) 

9.5 68.41 77.56 79.58 76.16 67.59 60.27 19 0 0 0 0 0 0 

13.2 27.8 14.4 17.6 23.2 13 24.1 6.7 52.54 59.99 59.64 57.74 55.07 45.88 
9.5 10.8 15.6 7.5 11.6 27.9 32.8 4.75 38.63 46.52 46.54 44.32 47.70 35.20 
6.7 19.4 23.5 24.5 26.9 15.8 20.6 

4.75 17 18 16.1 19.6 9.3 15.3 3.35 29.87 35.15 36.37 30.75 34.31 25.49 
3.35 10.7 15.2 12.5 19.8 16.9 13.9 2.36 22.18 26.70 28.15 22.26 27.18 19.62 
2.36 9.4 11.3 10.1 12.4 9 8.4 1.7 17.76 21.62 22.54 17.12 21.63 15.71 
1.7 5.4 6.8 6.9 7.5 7 5.6 

1.18 4.7 5.9 5.7 6.3 6.3 5 1.18 13.91 17.20 17.90 12.81 16.64 12.22 
0.85 2.8 3.5 2.7 3.9 3.8 2.9 0.85 11.62 14.58 15.70 10.14 13.63 10.20 
0.6 2.9 3.7 4.4 3.1 3.2 2.4 0.6 9.25 11.82 12.12 8.01 11.09 8.52 

0.425 1.8 2.2 2.7 2.2 2.2 1.7 
0.3 1.6 2 2.4 2 2 1.6 0.425 7.77 10.17 9.93 6.51 9.35 7.33 

0.212 1.3 1.6 1.8 1.7 1.6 1.3 0.3 6.46 8.68 7.97 5.14 7.77 6.22 
0.15 1.2 1.6 1.4 1.1 1.2 1.1 

0.212 5.40 7.48 6.51 3.97 6.50 5.31 
Pan 4.9 7.6 5.7 4.6 6.1 5.6 
Total 116.8 125.3 116.3 141.3 119.2 136.7 0.15 4.42 6.28 5.37 3.22 5.55 4.54 
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BS1-A: Angular Blue Stone ore 
Energy calculations 

Size (mm) 
Energy targeted (kWh/t) 0.25 

Calibrated RPM required 1357 

RPM Used 1357 

Sample total mass (g) 

No of particles 

Average particle mass (g) 

Actual impact energy (kWh/t) 

13.2 -16mm (S) 
1 

2641 

2641 

APPENDIXC 

19 -22.4mm (M) 
2.5 0.25 1 

4103 1357 2641 

4103 1357 2641 

166 880.9 

30 30 

5.5 29.4 

2.49 1.03 

University of Cape Town - Centre for Minerals Research 

26.5 -31.Smm (L) 
2.5 0.25 1 2.5 

4103 1357 2641 4103 

4103 1357 2641 4103 

929.6 1054.4 968.9 

30 30 30 

31.0 35.1 32.3 

2.49 1.03 2.49 
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APPENDIX C 

Particle size distributions 13.2 -16mm (5) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wt above Wtabove 

13.2 10.7 6.5 93.5 
9.5 3.2 1.9 91.6 
6.7 8.3 5.0 86.6 

4.75 18.2 11.0 75.6 
3.35 16.1 9.7 65.9 

2.36 17.7 10.7 55.2 
1.7 14.4 8.7 46.5 

1.18 13.5 8.2 38.3 
0.85 7.3 4.4 33.9 

0.6 8.9 5.4 28.5 
0.425 5.7 3.4 25.1 

0.3 5.6 3.4 21.7 
0.212 4.8 2.9 18.8 

0.15 4.8 2.9 15.9 
0.106 3.9 2.4 13.5 

Pan 22.4 13.5 0.0 
Totals 165.5 100 
Mass discrepancy 0.5 

t2 87.6 
t4 67.8 
t5 61.1 
tlO 42.6 
P80 size 4.661 
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APPENDIXC 

Particle size distributions 19 -22.4mm (M) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wtabove Wtabove 

19 22.1 3.1 96.9 25.3 3.4 96.6 
13.2 121.5 17.1 79.8 26.5 3.5 93.1 
9.5 95.6 13.4 66.4 54.4 7.3 85.8 
6.7 118.3 16.6 49.8 77.8 10.4 75.4 

4.75 83 11.6 38.2 75.8 10.1 65.3 
3.35 65.9 9.2 28.9 80.6 10.8 54.5 
2.36 53.2 7.5 21.5 73.8 9.9 44.6 

1.7 34.9 4.9 16.6 60.3 8.1 36.5 
1.18 30.6 4.3 12.3 53 7.1 29.5 
0.85 19 2.7 9.6 37.6 5.0 24.4 

0.6 15.1 2.1 7.5 32.7 4.4 20.1 
0.425 10.8 1.5 6.0 25.2 3.4 16.7 

0.3 9.2 1.3 4.7 23 3.1 13.6 
0.212 7.2 1.0 3.7 19.7 2.6 11.0 
0.15 5.4 0.8 2.9 15.1 2.0 9.0 

Pan 20.7 2.9 0.0 67 9.0 0.0 
Totals 712.5 100 747.8 100 
Mass discrepancy 168.4 181.8 

t2 69.4 87.4 
t4 40.6 67.4 
t5 34.1 60.5 
tlO 19.3 41.0 

P80size 11.79 7.59 
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Particle size distribu tions 26.5 -31.5mm (L) 

ENERGY (kWh/t) 0.25 1 2.5 
Size (mm) Wtabove %retained Cumu %passing Wt above Wtabove 

26.5 0 0.0 100.0 0 0.0 100.0 
19 74.1 7.0 93.0 12.3 1.3 98.7 

13.2 141.6 13.4 79.5 45.8 4.7 94.0 
9.5 139.9 13.3 66.3 79.3 8.2 85.8 
6.7 163 15.5 50.8 115.4 11.9 73.9 

4.75 108.3 10.3 40.5 99.3 10.3 63.6 
3.35 102.7 9.7 30.8 100.1 10.3 53.3 
2.36 79.9 7.6 23.2 92 9.5 43.7 

1.7 54.7 5.2 18.0 68.7 7.1 36.6 
1.18 45.9 4.4 13.7 68.1 7.0 29.6 
0.85 29 2.8 10.9 48.9 5.1 24.5 

0.6 23.1 2.2 8.7 42.8 4.4 20.1 
0.425 16.7 1.6 7.1 33.4 3.5 16.7 

0.3 14.5 1.4 5.7 30.1 3.1 13.6 
0.212 12.1 1.1 4.6 25.3 2.6 10.9 

Pan 48.5 4.6 0.0 105.8 10.9 0.0 

Totals 1054 100 967.3 100 
Mass discrepancy 0.4 1.6 

t2 82.4 95.0 
t4 53.7 76.1 
t5 45.9 69.0 
tl0 27.2 48.8 
P80size 13.33 7.87 
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6 groups of 5 particles each % cumulative passing Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 19 100.00 100.00 100.00 100.00 100.00 100.00 

Sample Weight (g) 119.8 110.4 110.6 107.7 113 106.3 13.2 92.82 73.73 96.84 77.53 94.34 88.33 
Screen Aperture (mm) 

9.5 70.37 57.43 81.19 60.82 84.60 75.73 19 9.9 0 0 0 23.3 24.4 
13.2 8.6 29 3.5 24.2 6.4 12.4 6.7 59.93 42.30 61.93 41.32 73.27 64.72 
9.5 26.9 18 17.3 18 11 13.4 4.75 49.83 33.15 48.37 33.61 61.06 56.16 
6.7 12.5 16.7 21.3 21 12.8 11.7 

4.75 12.1 10.1 15 8.3 13.8 9.1 3.35 41.57 23.91 33.18 23.40 50.44 47.41 
3.35 9.9 10.2 16.8 11 12 9.3 2.36 34.89 18.03 24.86 17.83 42.48 40.92 
2.36 8 6.5 9.2 6 9 6.9 1.7 30.63 14.04 18.63 13.65 36.99 37.16 
1.7 5.1 4.4 6.9 4.5 6.2 4 

1.18 4.6 3.7 5.9 3.9 4.8 3.5 1.18 26.79 10.69 13.29 10.03 32.74 33.87 
0.85 3.2 2.1 3.7 2.3 2.7 2.4 0.85 24.12 8.79 9.95 7.89 30.35 31.61 
0.6 2.6 1.8 2.9 1.9 2.4 1.8 0.6 21.95 7.16 7.32 6.13 28.23 29.92 

0.425 2 1.2 1.9 1.3 1.6 1.3 

0.3 2 1.3 1.6 1.2 1.4 1.1 0.425 20.28 6.07 5.61 4.92 26.81 28.69 
0.212 1.9 1 1.1 1 1.1 0.9 0.3 18.61 4.89 4.16 3.81 25.58 27.66 

0.15 1.5 0.7 0.7 0.6 0.8 0.7 0.212 17.03 3.99 3.16 2.88 24.60 26.81 
Pan 8.5 3.2 2.6 2.4 3.4 3 
Total 100.9 106.7 107.8 105.2 86 78.5 0.15 15.78 3.35 2.53 2.32 23.89 26.15 
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RBT INCREMENTAL BREAKAGE DATA 
BS2-R: Blue stone ore 
Repeatability experiments 

ENERGY (kWh/t) 

RBT Rotor speed 
Particle size dlstrlb utlons 

Intial mass 

No of particles 
Average particle mass 
Size (mm) 

Pan 
Totals 
Mass· discrepancy. 
Percentage broken/probability 
Probability of particle breakage on impact 
tlO size 
tlO 
P80 

26.5 
22.4 

19 
13.2 
9.5 
6.7 

4.75 
3.35 
2.36 
1.7 

1.18 
0.85 
0.6 

0.425 
0.3 

0.212 

0.167 
1062 

26.5 -31.5mm (L) 

Repeatability test 1 

3968 

100 
39.68 

Wt above %retained Cumu %pa 
672 17.0 83.0 
795 20.1 62.9 

640.6 16.2 46.7 
805.9 20.4 26.4 
348.9 8.8 17.5 

270 6.8 10.7 
142 3.6 7.1 

83.6 2.1 5.0 
57.7 1.5 3.6 
34.2 0.9 2.7 
27.2 0.7 2.0 
16.5 0.4 1.6 

13 0.3 1.3 
9.1 0.2 1.0 

8 0.2 0.8 
6.8 0.2 0.7 

2509 0-1 000 
39:56.4 100 .. 0 

11.6 
62.74 
62.74 

2.89 
4.34 

25.88 

Repeatability test 2 

3858 

100 
38.58 

Wt above %retained Cumu %pa 
451 11.7 88.3 
718 18.7 69.6 

485.8 12.6 57.0 
989.3 25.7 31.3 

454 11.8 19.5 
290 7.5 11.9 

154.9 4.0 7.9 
105 2.7 5.2 

56.2 1.5 3.7 
34.2 0.9 2.8 

27.7 0.7 2.1 
16.5 0.4 1.7 

13 0.3 1.3 
9.1 0.2 1.1 

8 0.2 0.9 
6.8 0.2 0.7 

26.8 0,7 0.0 
3846.3 100 

11.7 
69.40 
69.40 

2.89 
4.48 

24.68 

Repeatability test 3 

3925 

100 
39.25 

Wtabove %retained Cumu %pa 
492 12.6 87.4 
438 11.3 76.1 

587.6 15.1 61.0 
1039.9 26.7 34.3 

523.2 13.4 20.9 
319.6 8.2 12.6 
170.7 4.4 8.3 
101.6 2.6 5.7 
70.7 1.8 3.8 
38.5 1.0 2.8 
28.9 0.7 2.1 
17.4 0.4 1.7 
13.5 0.3 1.3 

9.4 0.2 1.1 
8.3 0.2 0.9 
6.8 0.2 0.7 

2606 0, . .7 0,.0 

3892.7 100 
32.3 

75.48 
75.48 

2.89 
4.81 

23.82 
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Repeatability test 4 Repeatability test 5 

3842 3756 

100 100 
38.42 37.56 

Wtabove %retained Cumu%pa Wt above %retained Cumu %pa: 
441 11.5 88.5 480 12.8 87.2 
631 16.5 72.0 861 22.9 64.3 

613.6 16.0 55.9 498.1 13.3 51.0 
973.1 25.5 30.5 805.5 21.4 29.6 
426.5 11.2 19.3 389.5 10.4 19.2 
292.6 7.7 11.7 289.1 7.7 11.5 
157.4 4.1 7.5 145.1 3.9 7.6 
95.7 2.5 5.0 94.1 2.5 5.1 
61.4 1.6 3.4 54.2 1.4 3.7 
34.3 0.9 2.5 33.9 0.9 2.8 
26.9 0.7 1.8 26.7 0.7 2.1 
15.8 0.4 1.4 16.1 0.4 1.7 

12.4 0.3 1.1 12.6 0.3 1.3 
8.8 0.2 0.9 8.9 0.2 1.1 
7.5 0.2 0.7 7.7 0.2 0.9 
6.1 0.2 0.5 6.7 0.2 0.7 

190.3 0,.5 000· 2602 0..7 0.0 
3823.4 100 3755.4 100 

18.6 0.6 
71.61 64.28 
71.61 64.28 

2.89 2.89 
4.29 4.47 

24.40 25.21 
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ENERGY (kWh/t) 0.091 E3 ENERGY (kWh/t) 0.167 E4 

RBT Rotor speed (rpm) 785 RBT Rotor speed (rpm) 1062 

Hit number Hitl Hitnumber Hit 1 

Particle size distributions Particle size distributions 

Intial mass 3908 Intial mass 3968 
No of particles 100 No of particles 100 
Average particle mass 39.08 Average particle mass 39.68 
Size (mm) Wt above %retained Cumu %pa: Size (mm) Wt above %retained Cum u %pa: 

26.5 875 22.4 77.6 26.5 672 17.0 83.0 

22.4 932 23.9 53.7 22.4 795 20.1 62.9 
19 514.7 13.2 40.5 19 640.6 16.2 46.7 

13.2 713.6 18.3 22.3 13.2 805.9 20.4 26.4 

9.5 343.7 8.8 13.4 9.5 348.9 8.8 17.5 

6.7 226.7 5.8 7.6 6.7 270 6.8 10.7 

4.75 112.5 2.9 4.8 4.75 142 3.6 7.1 

3.35 59.3 1.5 3.2 3.35 83.6 2.1 5.0 
2.36 37 0.9 2.3 2.36 57.7 1.5 3.6 

1.7 23.4 0.6 1.7 1.7 34.2 0.9 2.7 

1.18 16.8 0.4 1.3 1.18 27.2 0.7 2.0 

0.85 10.1 0.3 1.0 0.85 16.5 0.4 1.6 

0.6 7.9 0.2 0.8 0.6 13 0.3 1.3 

0.425 5.6 0.1 0.7 0.425 9.1 0.2 1.0 
0.3 4.9 0.1 0.5 0.3 8 0.2 0.8 

0.212 4.2 0.1 0.4 0.212 6.8 0.2 0.7 

Pan 16.7 0.4 0.0 Pan 25.9 0.7 0.0 

Totals 3904.1 100 Totals 3956.4 100 

Mass discrepancy 3.9 Mass discrepancy 11.6 

Percentage broken/probability 53.66 Percentage broken/probability 62.74 

Probability of particle breakage on impact 53.66 Probability of particle breakage on impact 62.74 

no size 2.89 no size 2.89 

no 2.80 no 4.34 

P80 26.91 P80 25.88 
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ENERGY (kWh/t) 0.273 E5 

RBT Rotor speed (rpm) 1357 

Hit number Hit 1 
Particle size distributions 

Intial mass 3571 
No of particles 100 
Average particle mass 35.71 
Size (mm) Wt above %retained Cumu %pa: 

26.5 108 3.0 97.0 
22.4 423 11.9 85.0 

19 375.6 10.6 74.4 
13.2 940.4 26.6 47.9 
9.5 537.9 15.2 32.7 
6.7 411.1 11.6 21.1 

4.75 238.5 6.7 14.3 
3.35 154.4 4.4 10.0 
2.36 96.7 2.7 7.2 

1.7 61.7 1.7 5.5 
1.18 47.1 1.3 4.2 
0.85 28 0.8 3.4 
0.6 21.7 0.6 2.8 

0.425 15.2 0.4 2.3 
0.3 13.2 0.4 2.0 

0.212 11.2 0.3 1.6 
Pan 58.2 1.6 0.0 
Totals 3541.9 100 
Mass discrepancy 29.1 
Percentage broken/probability 84.32 
Probability of particle breakage on impact 84.32 
tlO size 2.89 
tlO 8.70 
P80 20.68 
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AG2·R: Rounded Gold ore 

ENERGY (kWh/t) 
RBT Rotor speed (rpm) 
Hit number 
Partlde size distributions 

Intial mass 
No of particles 
Average particle mass 
Size (mm) 

Pan 
Totals 
Mass discrepancy 
Total Percentage broken/probability 
Probability of particle breakage on impact 
tl0 size 
tl0 

26.5 
22.4 

19 
13.2 
9.5 
6.7 

4.75 
3.35 
2.36 
1.7 

1.18 
0.85 

0.6 
0.425 

0.3 
0.212 

0.013 El 

300 

Hit 1 

4313.4 
100 

43.134 
Wt above %retained Cumu %pi 

3763 87.4 12.6 
323 7.5 5.1 

95.8 2.2 2.9 
62 1.4 1.5 

30.8 0.7 0.7 
10.4 0.2 0.5 

5.8 0.1 0.4 
4 0.1 0.3 

2.3 0.1 0.2 

1.6 0.0 0.2 
1.6 0.0 0.1 
1.1 0.0 0.1 

1 0.0 0.1 
0.8 0.0 0.1 
0.8 0.0 0.1 
0.7 0.0 0.0 

2 0.0 0.0 

4306.71 100 
6.7 

5.12 
5.12 
2.89 
0.25 

APPENDIX C 

Hit 2 Hit 3 

4086 3890 

- -

Wtabove %retained Cumu %pa Wt above %retalned Cumu %pa 
3345 82.1 17.9 2519 65.0 35.0 

545 13.4 4.6 749 19.3 15.7 
79.7 2.0 2.6 152.9 3.9 11.7 
57.8 1.4 1.2 308.3 8.0 3.8 
17.4 0.4 0.8 49 1.3 2.5 
11.4 0.3 0.5 38.8 1.0 1.5 

4 0.1 0.4 14.5 0.4 1.2 
4.4 0.1 0.3 12.8 0.3 0.8 
2.1 0.1 0.2 7.2 0.2 0.6 
1.5 0.0 0.2 4.5 0.1 0.5 
1.5 0.0 0.2 4 0.1 0.4 

1 0.0 0.1 2.6 0.1 0.4 
1 0.0 0.1 2.6 0.1 0.3 

0.7 0.0 0.1 2 0.1 0.2 
0.8 0.0 0.1 2 0.1 0.2 
0.7 0.0 0.1 1.7 0.0 0.1 
2.3 0.1 0.0 5.4 0.1 0.0 

4076.31 100 3876.31 100 
9.7 13.7 

9.44 23.54 

4.56 15.64 
2.89 2.89 
0.26 0.74 
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Hit4 Hit 5 

3268 3145 
- -

Wt above %retained Cumu %pa Wtabove %retained Cumu %pa: 
2355 72.0 28.0 2081 66.4 33.6 
790 24.2 3.8 838 26.8 6.8 

52.7 1.6 2.2 112 3.6 3.2 
35.6 1.1 1.1 50 1.6 1.6 
12.9 0.4 0.7 19.3 0.6 1.0 

7 0.2 0.5 13.7 0.4 0.6 
5.9 0.2 0.3 4.2 0.1 0.5 
1.9 0.1 0.3 2.4 0.1 0.4 
1.7 0.1 0.2 2.2 0.1 0.3 
0.9 0.0 0.2 1.8 0.1 0.2 
0.9 0.0 0.1 1.2 0.0 0.2 
0.7 0.0 0.1 1 0.0 0.2 
0.7 0.0 0.1 1 0.0 0.1 
0.6 0.0 0.1 0.8 0.0 0.1 
0.6 0.0 0.1 0.9 0.0 0.1 
0.6 0.0 0.0 0.7 0.0 0.1 
1.6 0.0 0.0 2.2 0.1 0.0 

3269.31 100 3132·~1 100 
-1.3 12.6 

26.42 33.11 
3.80 6.79 
2.89 2.89 
0.23 0.34 
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ENERGY (kWh/t) 

RBT Rotor speed (rpm) 

Hit number 
Particle size distributions 

Intial mass 

No of particles 

Average particle mass 
Size (mm) 

Pan 

Totals 

Mass discrepancy 

Total Percentage broken/probability 

Probability of particle breakage on impact 

tlO size 

tlO 

26.5 
22.4 

19 
13.2 
9.5 
6.7 

4.75 
3.35 
2.36 

1.7 
1.18 
0.85 

0.6 
0.425 

0.3 
0.212 

APPENDIXC 

0.047 E2 

562 

Hit 1 

4207.4 
100 

42.074 
Wt above %retained Cumu %pa 

1730 41.3 58.7 
973 23.2 35.5 

427.5 10.2 25.3 
514 12.3 13.0 
225 5.4 7.7 
130 3.1 4.6 

50.7 1.2 3.4 
36.9 0.9 2.5 
21.5 0.5 2.0 
15.8 0.4 1.6 
14.3 0.3 1.2 
9.6 0.2 1.0 
8.8 0.2 0.8 
6.8 0.2 0.6 
6.3 0.2 0.5 
5.1 0.1 0.4 

15.3 0.4 0.0 

4190.61 100 
16.8 

35.36 
35.36 
2.89 
2.23 

Hit 2 

2703 

-

Wt above %retained Cumu %pa 

872 32.5 67.5 
734 27.3 40.2 

474.9 17.7 22.5 
328 12.2 10.3 

99.9 3.7 6.5 
71.2 2.7 3.9 

33 1.2 2.7 
21 0.8 1.9 

11.4 0.4 1.4 
7.2 0.3 1.2 
6.6 0.2 0.9 
4.5 0.2 0.8 
4.1 0.2 0.6 
3.3 0.1 0.5 
3.1 0.1 0.4 
2.6 0.1 0.3 
7.5 0.3 0.0 

2684.31 100 
18.7 

60.99 
39.89 

2.89 
1.68 

Hit 3 

1606 

-

Wt above %retained Cumu %pa 

684 42.6 57.4 
529 32.9 24.5 

157.9 9.8 14.6 
125.9 7.8 6.8 
45.9 2.9 3.9 
21.1 1.3 2.6 
8.7 0.5 2.1 
8.9 0.6 1.5 
5.5 0.3 1.2 
3.6 0.2 1.0 
3.2 0.2 0.8 
2.2 0.1 0.6 

2 0.1 0.5 
1.7 0.1 0.4 
1.5 0.1 0.3 
1.3 0.1 0.2 
3.7 0.2 0.0 

1606.11 100 
-0.1 

70.33 
24.48 

2.89 
1.38 
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Hit4 

1213 

-
Wt above %retained Cumu %pa: 

351 28.9 71.1 
513 42.2 28.9 

150.3 12.4 16.5 
88.2 7.3 9.2 
47.5 3.9 5.3 

18 1.5 3.8 
18 1.5 2.4 

7.2 0.6 1.8 
5.7 0.5 1.3 
3.9 0.3 1.0 
2.3 0.2 0.8 
1.9 0.2 0.6 
1.5 0.1 0.5 
1.3 0.1 0.4 
1.1 0.1 0.3 
1.1 0.1 0.2 
2.7 0.2 0.0 

1214.71 100 
-1.7 

78.66 
28.91 
2.89 
1.55 
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ENERGY (kWh/t) 0.091 E3 

RBT Rotor speed (rpm) 785 

Hit number Hit 1 Hit 2 
Particle size distributions 

Intial mass 4103.4 2004 
No of particles 100 
Average particle mass 41.034 
Size (mm) Wtabove %retained Cumu %pa Wt above %retained Cumu %pa: 

26.5 1181 29.0 71.0 372 18.6 81.4 

22.4 823 20.2 50.8 490 24.5 56.9 
19 503.5 12.4 38.5 366.6 18.3 38.6 

13.2 707.4 17.4 21.1 350.7 17.5 21.1 
9.5 327.4 8.0 13.1 186.2 9.3 11.8 

6.7 206.7 5.1 8.0 90.2 4.5 7.2 

4.75 91.5 2.2 5.7 40 2.0 5.2 
3.35 57.5 1.4 4.3 24.6 1.2 4.0 
2.36 40.6 1.0 3.3 18.8 0.9 3.1 

1.7 26 0.6 2.7 11.8 0.6 2.5 
1.18 22.4 0.5 2.1 9.7 0.5 2.0 

0.85 15.6 0.4 1.8 7.1 0.4 1.6 
0.6 14.5 0.4 1.4 6.4 0.3 1.3 

0.425 11.4 0.3 1.1 5 0.2 1.1 

0.3 10.8 0.3 0.9 4.7 0.2 0.8 

0.212 8.9 0.2 0.6 4 0.2 0.6 

Pan 26.2 0.6 0.0 12.9 0.6 0.0 

Totals 4074.41 100 2000.71 100 
Mass discrepancy 29 3.3 

Total Percentage broken/probability 50.46 78.21 
Probability of particle breakage on impact 50.46 56.82 

tl0size 2.89 2.89 

tl0 3.87 3.58 

University of Cape Town - Centre for Minerals Research XXXI 



APPENDIXC 

ENERGY (kWh/t) 0.167 E4 

RBT Rotor speed (rpm) 1062 

Hit number Hit 1 
Particle size distributions 

Intial mass 4054.1 
No of particles 100 
Average particle mass 40.541 
Size (mm) Wt above %retained Cumu %pa: 

26.5 452 11.2 88.8 
22.4 637 15.7 73.1 

19 511.1 12.6 60.5 
13.2 1043.9 25.8 34.7 

9.5 454.5 11.2 23.5 
6.7 371.5 9.2 14.4 

4.75 166.2 4.1 10.3 
3.35 94.9 2.3 7.9 
2.36 71.4 1.8 6.2 

1.7 46.2 1.1 5.0 
1.18 40.6 1.0 4.0 
0.85 28.4 0.7 3.3 

0.6 25.7 0.6 2.7 
0.425 20.5 0.5 2.2 

0.3 19.5 0.5 1.7 
0.212 16.2 0.4 1.3 

Pan 52.4 1.3 0.0 

Totals 4052 100.0 
Mass discrepancy 2.1 
Percentage broken/probability 73.09 
Probability of particle breakage on impact 73.09 

t10 size 2.89 
t10 7.10 
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