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ABSTRACT 

Rock fragmentation can occur by crushing, relative radial 

motion, release of load, spalling, gas extension of strain 

wave-induced and pre-existing fractures, shear and in-flight 

collisions. The relative importance of each mechanism, as yet 

undef ined, depends upon explosive properties, rock properties, 

blast geometry and initiation sequence. The effect of explosive 

energy and presence of natural fractures on fragmentation are 

studied. 

Design of blasts in a copper porphyry ore body were altered 

to give powder factors between 0.26 and 0.71 kg/m3 in three 

different types of rock. The rock units in the ore body for 

this study are classified according to the size distribution 

of the blocks formed by nat:ural fractures and discontinuities. 

Block size distribution curves are produced from the core logs 

and the ore body is divided into six rock classes. Arbitrarily, 

a representative size distribution curve is assigned to each 

class. These curves are used to determine the specific surface 

area (surface area per unit volume of rock) for each rock 

class. 

The specific surface area of blasted rock was measured by 

photo-analysis and correlated closely with the explosive energy 
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and rock type. The explosive energy is calculated in terms of 

total energy per unit volume of blasted rock, from the powder 

factor. 

The results clearly show the effect of natural block sizes 

on fragmentation. It is shown that most of useful explosive 

energy goes into opening the pre-existing fractures. Almost 

the entire product size is controlled by the natural fractures 

at energy levels below 2 MJ/m3 (powder factor of 0.5 kg/m3). 

At higher energy levels of 2.85 MJ/m3 (powder factor of 0.71 

kg/m3) about 70 to 80 percent of the surface area of the blasted 

rock is controlled by the pre-existing fractures. 

The blasted rock is also analyzed using the scale invariant 

methods as a alternative to the conventional size distribution 

analysis. The fractal dimension of each blast at different 

energy level and rock class is determined. The variations of 

fractal dimensions depends on the energy levels and the rock 

conditions. At higher energy levels higher fractal dimensions 

are obtained and more fractured rock showed higher fractal 

dimension at the same energy level. The fractal concept can 

be a useful tool to descr ibe rock masses and fragmenting 

behavior of different rocks. 
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CHAPTER 1 

INTRODUCTION 

Rock blasting is a complex phenomenon and design parameters 

are often difficult to evaluate. These parameters can be divided 

into three categories 1) explosive parameters, such as density, 

detonation velocity, gas and detonation pressure and total 

available energy, 2) charge distribution and timing; including, 

charge diameter, spacing between the charges, length of charge, 

stemming, coupling, initiation technique and delay time between 

charges and 3) rock parameters (such as density, propagation 

velocity, compressive and tensile strength, texture and 

presence of discontinuities). The blasting engineer is faced 

with the combination of these parameters to obtain the optimum 

condition in overall blasting efficiency. 

In mining practice optimum blasting occurs when a certain 

degree of fragmentation is achieved such that total costs of 

each mining phase (drilling and blasting, hauling and loading 

and crushing) are minimized. With the high cost of energy 

today, crushing and grinding costs are continuously increasing. 

In addition energy consumption in the mechanical crushing and 
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grinding of ores for beneficiation has very low efficiency 

rating. 

Because of the high costs associated with the comminution 

of ores and the immediate need to exploit low grade ores, 

leaching (dump or heap and in situ) is becoming the preferable 

method of recovering minerals. The current low recovery of 

metals by leaching is due to the failure to fully expose the 

minerals to the leach solution. The recovery can be increased 

through better blasting practices, since for economic reasons 

blasting is the sole fragmentation operation in leaching 

processes. The most significant advantage of leaching is the 

low cost, and the biggest drawback is the low recovery of 

minerals. It has been demonstrated that there is a relationship 

between extraction rate and recovery of copper during leaching 

with rock block size, in both oxide and mixed sulfide and oxide 

ores (Dahlberg, 1979 and Fountain et al., 1985). 

The need for a better understanding of fragmentation to 

achieve optimum blasting conditions encouraged an extensive 

research on understanding the processes of rock breakage under 

dynamic load by numerous scientists and engineers for many 

years. These studies vary from full scale blasting to small 

scale experiments in the laboratory. The fragmentation and 

fracturing processes have been studied in material other than 
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rocks (such as plexiglass, glass, concrete and etc.). 

Application of computer modelling in blasting has been studied 

extensively. 

All these research efforts have provided substantial 

knowledge on rock fragmentation. However, blasting is still 

being done based on trial and error experiments. This is mainly 

because the blasting conditions cannot be reproduced in the 

laboratory on a small scale, and conditions vary significantly 

from site to site. 

There have been many attempts to develop models to predict 

the size distribution of excavated; usually blasted; rock (see 

for instance Kuznetzov, 1973; cunningham, 1983 and Danel and 

Leung, 1987). Most of these models have failed to allow for 

the presence of natural or imposed fractures present in the 

original rock mass. For blasting in hard rock, the presence 

and the inter-relationships of fractu~es originally present 

in the rock mass are dominant and they determine to a large 

extent the rock fragment size, (Goodman and Shi, 1985; Hagan, 

1983 and Yang and Rustan, 1983). Hence, the information on 

discontinuities and in-place block size distribution becomes 

very critical in control and prediction on size distribution 

of blasted rock. Mine models for planning and forecasting can 

be produced from drill hole assays by application of ore 
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estimation techniques. The result is an "ore-block" model 

composed of "ore-blocks; of a dimension that matches the 

equipment size. If a size distribution curve and size-recovery 

and size extraction rate curves could be assigned to each 

"ore-block" in the model then the profitability of the mine 

could be predicted for time periods extending into the future. 

The ability to predict fragment size at different geologic 

condi tions becomes even more important in leaching operations. 

scope 

The specific objective of this study was to 1) determine 

the in-situ block or particle size distribution of undisturbed 

ore body, 2) to relate in-situ block size distribution of 

undisturbed rock to particle size distribution of blasted rock, 

3) to determine the effect of blasting pattern design and 

explosive energy on particle size distribution of the blasted 

rock. 

Methods of assessing size distribution of undisturbed and 

blasted rock are developed and discussed. Application of fractal 

concept to size distribution is introduced. This utilizes a 

description of scale invariance to define a power law relation 

between the number of blocks with a characteristic linear 

dimension and size. 
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Empirical relationships between the input energy and 

specific surface area or particle size of blasted material for 

different rock conditions are given. Important factors in rock 

blasting as well as research in science of rock fragmentation 

by explosives are reviewed. The results of this research will 

lead to better understanding of fragmentation methods and 

processes and improving leaching operations. 

Dump or Heap Leaching 

This study was directly involved with a large leaching 

operation at Cyprus Miami Mine in Miami, Arizona. The importance 

of blasting in leaching has been discussed above. Since 

increasing the eff iciency of copper recovery by leaching through 

improving the blasting program was the main part of this study, 

it would be appropriate to briefly discuss some important 

aspects and factors, particularly the effect of particle sizes 

on percent recovery, in leaching processes. 

Dump or heap leaching is more often a by-product of 

operations and limited to low grade copper ores that have not 

been treated by the conventional processes in an economically 

efficient manner. Heap leaching is encouraged because of the 

high costs of crushing, milling and extraction processes. These 
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extra costs and material handling can be reduced and, in turn, 

the operating costs and return on investment can significantly 

be improved. 

Major Factors in Heap Leaching 

The maj or factors in heap leaching were presented by 

Dahlberg (1979). These factors have been studied over four 

years of column testing of oxide and mixed oxide-sulfide ores 

at Inspiration Mine (Cyprus Miami Mine) and identified as the 

following: 

1. Volume of solution 

2. Tonnage of heap 

3. Time 

4. Solution concentration (H+and Fe+++) 

5. Size of material 

Each factor is inter-related and measurable under operating 

conditions. The effects of these factors are given and described 

by Dahlberg (1979). The first four elements can easily be 

measured and controlled. The fifth, size of material, can be 

measured but it is difficult to predict and control the size 

distribution of material under diverse operating conditions. 
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For economic reasons blasting is the sole fragmentation 

operation in almost all leaching processes. Reduction of size 

of material requires understanding of fragmentation processes, 

limitations in blasting and knowledge of the factors involved 

in rock fragmentation. 

Effect of Material Size on Leach Recovery 

Investigations by Dahlberg (1979) at Inspiration Mine have 

shown recovery of 70 percent of the copper from porphyry ore 

that was crushed 

to minus one inch over a period of 50 days. The same ore crushed 

to minus two inches gave 60 percent recovery while ore crushed 

to minus four inches gave 47 percent recovery over the same 

period. The results were based on 10 foot long, 12-inch diameter 

column tests. 

In another test at Inspiration Mine, a 30 foot test pad 

containing 50,000 tons of ore crushed to minus four inches was 

constructed. Drilling, sampling, and testing before and after 

leaching showed a recovery of 76 percent. After leaching, 

2-inch rock particles showed 0.59 inches of leach solution 

penetration. This indicated that rock fragments larger than 

about 1.2 inches would have their centers untouched by the 

leach solution. 
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Both Dahlberg (1979) and Fountain et al. (1983) have 

demonstrated the relationship between extraction rate and 

recovery of copper during leaching with rock block size, in 

both oxide and mixed sulfide and in oxide ores. The study 

indicated that the ore size was variable, but "typical" 

run-of-mine ore would have 30 percent of the rock blocks larger 

than four inches. Fountain et al. (1983) concluded that even 

though run-of-mine ore at Inspiration Mine (Cyprus Miami Mine) 

is well-fragmented, there is still a substantial loss of 

recovery due to the coarse fraction. Figure 1, taken from 

Fountain et al. (1983), illustrates the percent copper recovery 

as a function of particle size for oxide, sulfide and miAed 

ores. Thus, particle size is a critical factor controlling 

mineral recovery in leaching operations. 



I
Z 
w 

100 -1'----------

80-

60-

.. ------- .- ---------.--. ' k--_ __. ________ --.........~ 

----.-~------::-.~ , 

./-.~ '" 
/ 

• 

.. 

o 4()
n:: 
W 
(L 

20-
........ OXIDE ORE 
••••• MIXED ORE 
• • • •• SULF IOE ORE 

~~ 

o I I rTl ...----r-rrn I I I I I I I I I I I It 

0.1 1 10 ( 100 1000 
SIZE mm) 

Figure 1. Percent copper recovery as a function of particle size 
(after Fountain et al., 1983). 

N 
N 



23 

CHAPTER 2 

ROCR FRAGMENTATION PROCESSES 

The processes involved in rock fragmentation by explosives 

are extremely complicated. Advanced research into the nature 

of rock breakage has not yet resulted in the development of 

a satisfactory theory to explain the observed phenomenon in 

a rock mass subj ected to dynamic loading. A review of the large 

number of publications dealing with rock breakage by explosives 

reveals the existence of a number of conflicting theories and 

particular interests of the authors. The complexity of the 

subject and the lack of useful quantitative data has created 

this conflicting situation. It is possible to name, one by 

one, the most important factors affecting rock breakage by 

explosives, but it is not possible to quantitatively evaluate 

their relative significance. It is also very difficult to 

measure the level of energy distribution from any explosive 

during fragmentation. 

A general and brief description of modes of rock breakage 

by explosives is given in the following: The fracturing process 

of rock in blasting is the result of 1) the propagation of a 
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compressi ve shock wave produced by the detonation of a conf ined 

explosive charge near the borehole, 2) radial waves acting in 

tension further away 3) tensile waves produced by reflections 

of waves and 4) the work done by the high pressure gas products 

of detonation of explosive (Cook, 1971; Hagan, 1973; Hagan and 

Just; 1974, Just, 1971; Kutter and Fairhurst, 1970; Persson 

et al., 1970). 

In summary, at the instant of detonation, the peak pressure 

of the shock wave travels through the rock with a supersonic 

velocity while radially pressurizing the borehole walls. The 

rock surrounding the borehole breaks under the shearing action 

of high compressive forces higher than the dynamic compressive 

strength of the rock. Pulverization of the rock occurs within 

one to two charge radii (Langefors and Khilstrom, 1963). This 

excessive fragmentation is associated with a very high rate 

of energy dissipation. The compressive (radial) component of 

the shock front rapidly decays to a level below the compressive 

strength of the rock, due to divergence and energy absorption 

effects. The tensile (tangential) component of the shock wave 

remains higher than the tensile strength of the rock, and the 

rock breaks in tension. Radial cracks form around the crushed 

zone while the shock front propagates outward until the tensile 

component decays below the tensile strength of the rock. At 
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this point, no further fracturing occurs. In the presence of 

free faces a third stage of breaking follows. The stress wave, 

upon hitting a free face reflects back into the medium. This 

reflection will cause spalling (slabbing) of the rock, creating 

a complex interaction of waves. In the later stages of rock 

fracturing, high pressure gases resulting from the detonation 

of the explosive contribute to further fragmentation and heaving 

of the rock. Their action is mainly facilitated by the 

penetration and infiltration into previously formed cracks and 

by extending and nucleating these cracks. Additional rock 

breakage occurs by impact and projection of the blocks. 

Factors Affecting Rock Breakage by Explosives 

As just mentioned, a large number of inter-related factors 

affect the efficiency of rock breakage by explosives. These 

factors can be grouped under three general categories 1) 

explosive properties, 2)blast geometry and 3) initiation 

sequence and rock parameters. Each of these categories is 

discussed in detailed in this chapter. 

EXplosives properties 

Satisfactory fragmentation of rock depends upon the amount 

and efficient transfer of explosive energy to the rock. 
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Estimates of energy requirements in rock comminution processes 

indicate that a very small percentage, probably less than 1 

percent of the total energy generated in the blast is expended 

in creating new surfaces (Cheatham, 1968 and Cook and Joughin, 

1970). Most of the energy is lost through venting of gasses 

through the discontinuities and stemming and a large portion 

of the energy is converted into heat and sound wave. The energy 

that is used to displace the material and in elastic deformation 

of the rock is not included in this one percent energy. The 

rate and degree of energy transfer varies significantly with 

explosive properties. The explosive energy is divided into 

strain and bubble energy. strain energy is associated with the 

strain wave and is responsible for fracturing by crushing and 

creating radial cracks and spalling. Bubble energy is the 

result of the expansion of high pressure and temperature gases 

produced after detonation. The extension of natural and strain 

wave induced cracks, shear fracturing and the displacement of 

the rock are the result of work done by these high pressure 

gases. The separation and amount of strain and bubble energy 

varies according to the composition of the explosive. Generally, 

explosives with high density and detonation velocity (for 

example, straight dynamites and military explosives) produce 

high strain energy with high shattering power, but low gas 
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volumes. Explosives such as ANFO (Ammonium Nitrate/Fuel Oil) 

with low density and lower detonation velocity have low strain 

energy, but high bubble energy. Results of underwater explosion 

tests by Sadvin et al. (1962) confirm this partitioning of 

~train and bubble energy. 

The original strain wave theories of rock breakage were 

developed during the 1950 s (Duvall and Atchison, 1957 and 

Hino, 1956) when it was proposed that the major part of rock 

breakage is done by strain energy. Early studies by the u.s. 

Bureau of Mines (Fogelson et al., 1959 and Nicholls and Hooker, 

1962) on strain energy from different explosives indicate that 

5 to 18 percent of the total energy released in the blasthole 

is in the form of strain energy (depending on the explosive 

composition) and only half of this energy is transferred to 

the rock. Estimates by Cook et al. (1966) also show that the 

dynamic strain wave contains 5 to 20 percent of the total 

energy of the explosive. Nicholls and Duvall, 1962 and Fogelson 

et al., 1959, have investigated the effect of characteristic 

impedance (product of density and wave propagation velocity) 

on explosi~n generated strain pulse in the rock. Fogelson et 

al. (1959) shows that the percentage of explosive energy 

transferred to the rock increased linearly as the ratio of the 

characteristic impedance of the explosive to that of the rock 
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increased toward unity. 

Following these early studies on the importance of strain 

wave in rock blasting, a new and totally different theory was 

introduced. Some researchers (for example, Langefors and 

Kihlstrom, 1963 and Persson et al., 1970) felt that borehole 

pressurization was the dominant fragmentation mechanism. Both 

Langefors and Kihlstrom (1963) and Persson et al. (1970) 

concluded that fragmentation could be treated as a quasi-static 

problem. They felt that stress waves could be ignored and that 

fragmentation was only due to work done by high pressure gases. 

Later theories struck a compromise between these two general 

views by suggesting interactive processes between strain wave 

and gas pressure induced fracturing. Kutter and Fairhurst 

(1971) hint at the importance of the stress waves. They proposed 

that stress waves may precondition the rock making the borehole 

pressure more effective. In their later work, Johansson and 

Persson (1974) and Field and Ladegaard (1971) acknowledged the 

possible contribution of the reflected stress waves. Never the 

less, Johansson and Persson (1974) felt that this contribution 

was only significant when using a relatively large concentration 

of high explosives. Hagan (1973 and 1979) and Hagan and Just 

(1974) discuss the role of strain wave, but still insist that 

the fragmentation by gas pressures is the primary factor. An 
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interesting recommendation for selection of explosive is given 

by Hagan (1973). He suggested that if a rock fails at a 

compressive stress of x kbar there is virtually no- incentive 

to use a charge capable of generating peak stresses greater 

than x kbar in the rock. High stresses produce only a small 

portion of fines and powder which consumes a large portion of 
" ~ 

available energy. 

Explosive Geometry and Initiation Sequence 

Blast geometry and explosive distribution include a range 

of variables which can be controlled by the operator. Variation 

of these factors to optimize blasting performance requires a 

clear understanding of the significance of these variables. 

These are: spacing (S) and burden (B), charge weight (W), 

powder factor (PF) or specific charge, stemming length (T) and 

subgrade drilling (J). These parameters are shown in Figure 

2. The final fine-tunning and modifications of these parameters 

for the best possible fragmentation results are still based 

on empirical and on trial and error approaches. These empirical 

relationships among geometric parameters for multiple-row 

blasting have been discussed without correlation to specific 

degree of fragmentation. 
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Figure 2. Typical layout of a blast. 
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If the explosive energy could be distributed evenly within 

the rock mass, a more uniform size distribution of broken rock 

will be produced. This requires a large number of blastholes. 

However, for economic reasons there is a limit on the number 

of holes that could be drilled. Larger diameter blastholes 

reduce the amount of drilling since the same powder factor 

(expressed in terms of weight of explosive per unit volume or 

weight of blasted rock) can be achieved with larger burden and 

spacing. Recent trends have shown an increase in hole diameter. 

When D (hole diameter) is increased and the powder factor 

remains constant, the greater burden and spacing generally 

cause a reduction in the degree of fragmentation. For a given 

charge, rock type and spacing, there is an optimum burden. At 

this optimum burden, the strain wave-induced cracks can be 

extended and completed towards the open face by gas pressures. 

At smaller burdens,the strain wave-induced cracks may extend 

all the way to the open face and the gases will escape into 

the atmosphere before they can provide more fragmentation 

Each charge fragments and detaches a prismatic section of 

rock. When SIB ratio is too high, the initial face midway 

between blastholes may remain intact. For simultaneous, single 

row initiation Ash et al. (1969) determined the limiting spacing 

to burden (SIB) ratio for minimum charge lengths. Observations 
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made by Langefors (1966) noted fragmentation improved as spacing 

varied from B to 4B. Hagan and Just (1974) suggest that when 

the time interval between detonation of adjacent blastholes 

(in a row) is long (e.g. 0.5 seconds) spacing should 

approximately equal burden. 

Timing studies have been performed to investigate the 

resulting fragmentation and muckpile shapes. Research by Barker 

and Fourney (1978, 1978a) and Winzer and Ritter (1980) has 

shown that stress wave travel time is a fraction of the time 

required to develop radial cracks. Fracture velocities of 12 

percent of the P-wave velocity have been reported by Holloway 

et al. (1980) for confirmation. High speed photographic studies 

indicate that the burden movement, as the result of gas 

pressures, takes place within two to ten times longer than the 

wave travel time to the face. stagg and Rholl (1987) estimated 

the arrival of gas pressure at a velocity of roughly 12 percent 

of the P-wave velocity. Time to burden movement of 5 to 50 ms 

(ms refers to millisecond) is given by Hagan (1977). An optimum 

range of timing between, 5 to 8.3 ms/m (1.5 to 2.5 ms/ft), is 

suggested as well. stagg and Nutting (1987) suggest an 

improvement in fragmentation for timing, between 36 to 56 ms/m 

(11 to 17 ms/ft), of burden from reduced-scale experiments. 

On the other hand, Bergman, et al. (197~) demonstrated better 
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fragmentation for an SIB ratio of two at timing of 3.3 ms/m 

(1 ms/ft) of burden or greater. Recommendation for timing 

ratios at different blasting conditions are given by Hagan 

(1977). For single row production blasts and SIB ratios of 1.2 

to 1. 6, timing ratios greater than 4 ms/m (1. 2 ms/ft) of burden 

are suggested to be ideal. Hagan also recommends 4 ms/m (1.2 

ms/ft) of burden for multiple row blasts in hard rock, while 

using high powder factors and short stem lengths. A 8 ms/m 

(2.4 ms/ft) of burden was recommended for soft rock with long 

stem lengths and low powder factors. Anderson et a1. (1982) 

and Winzer et a1. (1981) give suggestions for control of throw 

and muckpi1e shapes. Kopp (1987) recommended that a 4.3 ms/m 

(1.3 ms/ft) of spacing and 4 to 14.3 ms/m (1.2 to 4.3 ms/ft) 

of burden should be used to control ground vibration. 

Subgrade drilling depends on burden or spacing, rock 

conditions at the toe, effectiveness of the base charge and 

inclination of the hole. For most conditions, subgrade drilling 

should be 0.3 - 0.4 times the burden (Hagan, 1973). Subgrade 

drilling is required to ensure the compete breakage of the 

toe. 

stemming must be sufficient enough to prevent loss of gas 

pressure through the b1astho1e. Laboratory studies by Fogelson 

et a1. (1965) have shown that the type of stemming has no 
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significant effect on the characteristics of explosion

generated strain waves and, hence, on strain energy effec

tiveness. 

Rock Parameters 

The optimum selection and application of an explosive for 

a given operation will not be achieved until the influence of 

rock properties on the nature and extent of fracture mechanisms 

is well understood. The roc.k parameters influencing fragmen

tation are density, propagation velocity, characteristic 

impedance, energy absorption, strength (compressive and 

tensile) , texture and presence of fissures and discontinuities. 

Attempts to correlate fragmentation with various rock 

properties have been only moderately successful, principally 

because rock properties were measured in a statir laboratory 

test on small scale samples. 

Laboratory experiments by Johnson (1963) and field 

observations by Duvall and Atchison (1957) have shown that 

crater characteristics have a profound dependence upon rock 

type. Seleck (1962) has also shown that blasting results are 

influenced by rock properties more than by explosive properties. 

The elastic properties of rocks depend upon the rate of 

loading and scale (see Rinehart, 1958, Persson et al., 1970 
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and Clark, 1966). The uncertainties of the dynamic elastic and 

strength properties have dismayed the ability to predict the 

modes of rock fracture. From experiments on rocks under dynamic 

loads Shokey et al. (1974) and Rinehart (1965) have shown that 

the dynamic fracture strengths of the rocks are five to 13 

times greater than the corresponding static strengths. Other 

uncertainties come from the in situ properties of rock which 

depend upon both the characteristics of each mineral constituent 

and the presence and intensity of fissures, bedding planes, 

joints, etc. strength values obtained from laboratory testing 

on small samples, which normally do not contain large fissures 

and joints, often exceed in situ strengths by a factor of five 

to eight. Experiments confirm that the degree of fragmentation 

depends largely upon the nature and frequency of fissures and 

microstructures in the medium (Seinov and Chevkin, 1968, Shokey 

et al., 1974 and Grady and Kipp, 1979 and 1980) These experiments 

and many more performed by other researchers conclude that the 

rock fracture is the result of the activation, growth and 

coalescence of inherent flaws. 

Seismic velocity has been used as a measure of ripability 

of rocks. Some correlation between the seismic velocity and 
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energy requirement for breakage should exist as well. Broadbent 

(1974) has reported attempts to correlate the in situ seismic 

velocity to required powder factor. 

Effect of Rock Mass structure 

For blasting in rock, the presence and the inter

relationship of macro and micro fractures present in the rock 

mass are dominant and they determine, to a large extent, the 

rock fragment size and shape. For example, a single rock type 

may yield tabular blocks or roughly cubical blocks depending 

on relative joint spacings and orientations in the undisturbed 

rock mass (Goodman and Shi, 1985, p. 125). The average spacing 

of joints in a set will dictate the average dimensions of the 

block perpendicular to these joints. The average extent of 

joints will dictate the probable sizes of the largest blocks. 

The discrete and partially formed rock blocks bounded by 

fractures in the rock mass are loosened by blasting and thrown 

into the muckpile. Changes in size distribution, particularly 

in weaker rocks, result from the extent to which the less 

obvious micro fractures are nucleated and their enclosed blocks 

activated. The weakness planes act as a pre-split plane 

isolating the blocks from further fracturing. Additional fines 

are created by the pulverizing of rock in the vicinity of the 



37 

blasthole close to the charge. Beyond this zone there is little 

significant new fracturing due to blasting since existing 

fractures are inherently weaker than the intact material. The 

design of a blast to achieve a perpendicular shaped excavation 

must then be influenced by the shapes, sizes and arrangements 

of the in situ joint blocks as well. 

A summary of the effects of rock mass conditions is given 

by Hagan (1983). A large number of researchers have studied 

the influence of the rock structure on the blasting results. 

The experiments vary from small scale models to reduced scale 

and large scale, actual field experiments and observations. 

Field observations reported by Belland (1966) indicated 

that blasting across the predominant joints produces the best 

fragmentation. Blasting along the major joints produces large 

blocks as the slabs of rock between two parallel joints can 

move freely without the formation of new cracks. Back break 

is reduced and the face of the bench forms along one of the 

planes, when blasting is performed against the dip of the 

predominant joints. Similar observations are reported by Ash 

(1973) and From (1976). Pronounced bedding planes can isolate 

blocks in much the same way as joint planes do (Belland, 1966). 

A shearing, ripping type of failure occurs when the heaving 

effect of blasthole gases is sufficient to cause relative 
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movement of adjacent elements of the burden along suitably 

oriented fractures and the structure weakness plane (Hagan, 

1973). 

Formation and extension of cracks during blasting will be 

controlled by the structural discontinuity pattern according 

to Dally and Fourney (1977). A failure mechanism called joint 

initiated fracturing has been identified by Fourney et al. 

(1983) . The observations have mostly been made with small scale 

laboratory experiments. The researchers studied the interaction 

of stress waves with discontinuities using high speed 

photography in conjunction with dynamic photoelasticity. The 

results of their testing have shown that stress waves can 

contribute to a major portion of the fragmentation network. 

In addition to borehole cracking fractures are initiated at 

remote flaws by the outgoing wave systems. These waves reflect 

from free surfaces and open joints and continue to drive the 

created fractures. Radial cracks develop only in planes aligned 

with the axis of the borehole and tend to follow the weakness 

planes of the rock according to Kochanowsky (1957), Gnirk and 

Pfleider (1968) and Kutter (1969). Model test studies by Yang 

and Rustan (1983) indicated that the greater number of weakness 

planes, the greater difficulty in changing the degree of 

fragmentation. Turuta et al. (1967) observed through blasting 
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in jointed limestone that 85 percent of the oversized yield 

came from natural structural units. These experiments showed 

clearly how significantly the rock structure influences the 

fragment distribution achieved by blasting. Studies by Tomashev 

(1975) suggest using a smaller borehole diameter which gives 

a more uniform distribution of explosive in the rock in order 

to decrease the yield of oversize that is produced by weakness 

planes. 

Hoek and Bray (1977, p. 284) developed an empirical 

relationship between the required powder factor a.nd the 

properties of the rock mass. The relationship between the 

powder factor and fracture frequency at different values of 

friction angle $ is given. Figure 3 illustrates this 

relationship for blasting gelatines. The following relationship 

for ANFO is given: 

PF _l.4tan($+i) 
MI'FO - 3 ( 1 ) 

[j 

where ? F .iHO is powder factor for ANFO in kg/m3 , $ is the 

friction angle, i is the roughness angle and f is number of 

fractures per meter. 

As just discussed, the effects of rock mass structure on 
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fragmentation during blasting has been fully recognizeri by 

various researchers. However, a relationship demonstrating 

these effects, both quantitatively and qualitatively, has not 

been fully developed. Very little study has been done in full 

scale blasting operations. There are still many uncertainties 

in correlating the full size blasting results with observations 

and results from small scale experiments and computer models. 

It is highly desirable to study the effect of in situ block 

size distribution on fragmentation in actual blasting 

operations, particularly in the condition where the sock mass 

is highly fractured which is very common in metal mines. 
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CHAPTER 3 

ROCK MASS CHARACTERIZATION AND BLOCK SIZE DISTRIBUTION 

The effect and importance of rock fabric on fragmentation 

by blasting was discussed in chapter two. The need to estimate 

the block size distribution of a jointed rock mass is of great 

importance in the design of blasting rounds to attain a 

pre-established fragmentation. Most ore deposits occur in 

highly fractured rock. Thus, most mine blasting operations 

take place in rock masses with high joint intensity; joints 

and fractures become the dominant factor controlling frag

mentation. In order to investigate the relationship between 

fragment size, in-situ block size and joint distributions, it 

is necessary to obtain detailed information on joint 

distributions. 

The rock blocks are formed by the intersection of joints 

in a rock mass. Size of the blocks is controlled by the spacing 

and extent of the joints. The orientation of each joint set, 

with respect to other intersecting joint sets, determines the 

shape of the rock blocks. The characterization of a rock mass 
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requires detailed information on spacing, length and orien

tation of joints as well as other types of discontinuities 

(for example, see La Point and Hudson, 1985; Priest and Hudson, 

1976; Hudson and Priest, 1979; Savely, 1987; Call et al., 1976; 

Palmstrom, 1985). The distribution of block sizes can be 

directly related to· joint set spacing distribution. It is 

generally accepted that the joint spacing distribution follows 

negative exponential distribution as reported by Call et al 

(1976) and Priest and Hudson (1976). However, other forms of 

distribution, such as lognormal distributions, are reported 

by Bridges (1975) and Barton (1977). Joint spacings that have 

a negative exponential distribution will tend to produce a 

broader range of block sizes than joint spacings that are 

distributed normally; implying a large proportion of blocks 

of similar size (Savely, 1987, p. 42). 

There have been attempts to use RQD (Rock Quality 

Designation) as a measure of block size. RQD was developed by 

Deere (1968) and is a modified measure of core recovery 

determined by taking the percentage of NX-size (2 1/8 inch 

diameter) or larger intact cores that are longer than or equal 

to 100 mm (4 inches). However, RQD represents only one point 

on the size distribution curve. An indefinite number of curves 

can pass through this point. 
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Mathematical characterizations of block size distributions 

are available for limi ted cases involving three sets of 

discontinuities. The joints in a rock mass are not completely 

random, but belong to sets defined by a mean orientation (strike 

and dip) and perhaps a mean spacing value. Miles (1972) and 

Hudson and Priest (1979) havfa introduced a mathematical 

representation of block size distribution considering the 

division of three-dimensional space by planes that belong to 

one of three non-parallel sets. Hudson and Priest (1979) present 

the area distributions for two discontinuity sets and volume 

distribution of the blocks for the case where the spacings 

between the planes of sets all have a uniform distribution. 

They also determine the block volume distributions for two 

cases where the spacing between the planes has a negative· 

exponential or normal distribution using the Monte Carlo 

simulation. In their analysis, Hudson and Priest (1979) 

considered that if the rock mass is divided into discrete 

blocks a discontinuity spacing value can be taken as a block 

dimension. 

Tessellations of rectangles are produced by two orthogonal 

discontinuity sets to simulate areas and volumes. A tessellation 

is defined as the filling of a plane or volume by convex 

polygons or polyhedra that do not overlap (Hudson and priest, 

.~ ....... ~ .. --.-,.-~- ." .. - ...... , . _ ....... ---- -~--- ..... . 
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1979). The blocks produced by such a tessellation all have the 

same shape, but differ in size. Hudson and Priest (1979) further 

show similarity between normalized size distributions for two 

sets of discontinuities and the curve for the random geometry. 

In the latter, the discontinuities are distributed randomly 

both in position and orientation throughout the rock mass. The 

curve for the random geometry was obtained by Cain and Miles 

(1976) who used a Monte Carlo simulation technique involving 

the generation of nearly 200,000 polygons. The similarity of 

the two curves indicates that the distribution of area is not 

sensitive to discontinuity orientation assumptions (Hudson and 

Priest, 1979). 

Hudson and Priest (1979) recommend line surveying in three 

orthogonal directions so that the overall fracture frequency 

(A) for the rock mass can be obtained in three directions. 

However, this is not always practical since orthogonal faces 

are seldom available at mining or construction sites. For 

negative exponential spacing distributions, the mean block 

size can be approximated by making it equal to the reciprocal 

of A . The mean block volume can be calculated from the following 

(Savely, 1987): 
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(2) 

-
where VB = mean block volume 

""-)' ""-2 and ""-3 = fracture frequencies in three arbitrary, 

orthogonal directions through the rock mass. 

The normalized curve developed by Hudson and Priest (1979) 

for distributions of block sizes, assuming exponentially 

distributed joint spacings, are reproduced (Figure 4). The 

value of unity on the horizontal axis refers to the mean block 

volume calculated from Equation 2. From here, one can estimate 

the values for other size classes and size distribution curves 

for a rock mass can be developed. 

Savely describes another method developed by R. D. Call 

(referenced by Savely, 1987). In this method block sizes are 

calculated from drill core, although the method is also 

applicable to measurements from a detail line survey. The mean 

fragment size, as measured in tile drill core or along the 

detail line, is: 

..•. ',- .... ~.- .. ---- -, ... -... _ ....... -. __ .. -.--- ." 
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(3) 

where c = a constant that is used to correct the measured size 

of the block in the drill core or along the detail 

line to the true size of the blocks. 

f = fracture frequency along drill core or detail 

line without taking fracture orientation into 

consideration. 

The constant c depends on the shape of the blocks. c is 

the average length of a line passing at random through the 

block. For example, if the rock blocks are assumed to be 

spherical the true size is the diameter. A line passed at 

random through the sphere would have an intercept length between 

zero and the sphere diameter. By integrating the intercept 

length between zero and the sphere diameter and averaging over 

the projected area of the sphere, the average value of this 

intercept cord would be 0.62D where D is the true diameter of 

the sphere. From here, the value of c for a spherical particle 

or rock block would be the reciprocal of 0.62 which is equal 

to 1.61. This factor can be applied to intercept lengths along 

a drill core or a detail line. Further, the relationships for 

the particle size distribution are derived. The probability 

density function assuming negative exponential distribution 
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for the true block size can be represented by the following: 

" N -: 
f(x)=-e" 

x 

\vilere x = a measured block size from drill core or a scan line 

N = number of blocks 

x = mea n rock block size 

(4) 

The cumulative distribution function (percent greater than 

size x) is 

(
[Ix) 

F (x) = I 00 [I T (5) 

where V· x = volume of all rock blocks greater than size x 

V T = total volume of rock blocks 

since V x is divided by V T in the above equation, the shape 

factor for volumes cancels out if it is assumed that all blocks 

have the same shape. The volumes are obtained by integration 

of the probability density function 
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" 3( - ) ::- X 3 x X 2 _ 3 

=N6e"(-+ +x(- )+x ) 
6 2 x 

(6) 

'" " 
j/r=N f X3~e;dX=6N(X 3) (7) 

o X 

substituting Equations 6 and 7 into Equation 5 for the 

cumulative distribution function gives 

(8) 

A block size distribution curve can be developed from Equation 

8 for different x-values or block sizes knowing the mean block 

size for the rock mass. 

Empirical Methods 

The application of mathematical methods discussed earlier 

is limited to conditions where blocks are formed by three or 

four sets of discontinuities at different orientations. It is 

also required to make measurements in three orthogonal 
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directions which is normally not possible, since three ort

hogonal faces are seldom available. Using the orientations of 

discontinuities to simulate blocks is very difficult and 

impractical where the rock mass is highly jointed. 

Size distribution curves can be developed from making 

direct measurements of blocks on a bench face or from drill 

cores. An empirical approach to the development of size dis

tribution curves was taken at Inspiration Consolidated Copper 

Company (currently Cyprus Miami Mining Company) in Miami, 

Arizona (Savely, 1987). As a standard procedure, RQD was 

measured in drill cores. In addition, plus one-inch size was 

estimated. The length of the longest piece in the core run was 

measured as well. The longest piece was arbitrarily assumed 

to represent the upper five percent of block size. From these 

measurements a curve representing the size distribution of 

cores can be developed. It must be noted that the core lengths 

are not the true sizes, but are intercepted lengths. As it was 

discussed earlier these intercept lengths need to be adjusted 

to true sizes. More detailed measurements can be made to obtain 

more points on the curve. This requires more time and is not 

usually part of the routine work in most of the mining oper

ations. 

Block sizes can also be measured directly from the face 
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of the bench. This can be done either from the entire height 

of the face or along a scan line the same way as in core logs. 

The problem of lack of exposure of true dimensions of the rock 

blocks here produces a great deal of inaccuracy and uncertainty 

as well. Figure 5 shows a block that is partially exposed 

through intersection of a cord such as a drill hole and a 

plane, in the case of a bench face. It is apparent that for 

the same block numerous sizes and shapes are possible to be 

exposed. 

There are many problems and limitations involved with most 

of these methods. Detail measurements are required in order 

to achieve a reasonable estimate of block sizes. Such mea

surements are very time consuming and in order to have enough 

data to produce size distribution curves a large area must be 

mapped. The analytical methods described here may be applicable 

where the rock mass structures are not complex and the rock 

is not highly fractured. 

The geology and the rock mass structures of the rock units 

at Cyprus Miami mine are very complex and highly jointed as 

it will be shown in the proceeding chapters. A simple and quick 

method is needed since the information on rock mass conditions, 

particularly the block sizes, is essential prior to blasting. 

It was found that in such conditions the empirical method of 



(a) 

(b) 

Figure 5. Intersection of a block by (a) a 
drill hole (b) a plane. 
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determining the block size distribution of undisturbed rock 

from the core logs is the most suitable method. In this study 

the in situ block size distributions are developed from the 

core logs of exploratory holes. The results are shown and 

discussed in Chapter six. 

,'.- ......... -.. _.,..,.-- ... '-"~' ... _ ...... -.. - '---~-"" 



55 

CHAPTER " 

METHODS OF ASSESSING SIZE DISTRIBUTION 

The efficiency of a blasting operation is related to the 

degree of fragmentation and to the distribution of fragment 

sizes within a blasted rock mass. The degree of fragmentation 

must be compatible with equipment sizes (i. e., loaders, haulers, 

crushers, etc.) and required final product-size. It is essential 

to be able to determine the product size of a blast accurately 

and easily with minimal cost and minimal obstruction of 

operations. 

There are various methods available to determine size 

analysis of fragmented rocks available. One, a subjective 

estimate based on personal observation and experience, compares 

the muck pile visually. With this method, percentage of large 

blocks often tends to be overestimated. Large blocks readily 

attract the eye and tend to remain on the surface of the muck 

pile if they originated in the collar region of the blasthole. 

Da Gama (1974) suggests using the size of the largest fragment 

coming out from the blasting round, although qualitatively it 

is understood that degree of fragmentation and maximum size 
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vary in opposing trends. The size of the largest block may be 

controlled directly by the presence and intersection of 

discontinuities; a fact which may become misleading in the 

analysis and correlation between the fragment size and blast 

design parameters. These methods can prove useful as a quick 

estimate of the degree of fragmentation, but one should not 

rely fully on such methods for more detailed studies. 

Actual size distribution can be determined most accurately 

by screening the whole muck pile. However, this is not practical 

or economical. screening can be used most efficiently in small 

scale blasts where a minimal amount of material is produced 

and the product sizes are often small (for example, see Ash, 

1973). By taking random samples and screening this material, 

a representative estimate of size distribution of the fragmented 

material can be obtained (for example, see Mojtabai, et ale 

1989) • For non-uniform and highly graded material, more sampling 

is required. other problem associated with screening is that 

sampling of large particles depends on the size of the sampling 

equipment. When relatively small equipment is used, larger 

pieces are not collected in the equipment's bucket; therefor, 

the sampling is to be biased. with this method, a good measure 

of the fine portion of the muck pile can be achieved. 

Any size measurement obtained by screening is highly 
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dependent upon the shape of the particles and is primarily a 

function of the least cross sectional area of the particle. 

This least cross sectional area is most influenced by the 

particle's intermediate and short axis. There are other factors 

which also affect the passage of a particle of a given size 

through the sieve, such as 1) the duration of the sieving, 

affecting the probability that a particle achieves the proper 

orientation for passage; 2) the type of motion to which the 

sieves are subjected; and 3) variation in the individual sieve 

openings. Any measure of size is merely a function of sampling 

techniques, and the use of a different technique will yield 

a different measure of size. 

Another technique is the modal analysis or point estimate 

method given by Anderson (1970). A grid is laid on top of the 

muck pile. The dimensions of each particle that is intersected 

by the grid are measured. Finally, the intermediate dimension 

can be used to make a size distribution analysis comparable 

to screening. Addi tional useful information which can be 

obtained from this technique includes the determination of 

shape of the particles from taking the measurements of the 

three dimensions of each particle. However, this method is 

time consuming and in order to get a good representation of 

the population a large number of samples are required. 

---_ .. __ ........ _._- .. ,.. . .. -.. - _........ '-"- ...... ' 
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Additionally, in this technique the fine portion of the muck 

pile is not included; therefore, the effect of layering and 

gradation of the material needs to be taken into serious 

consideration. This method has been used with satisfactory 

results by both Bechtell (1975) and McAneny (1975) in their 

field experiments. 

Another technique which has been widely used is the 

photographic method (Carter, 1977, Nie and Rustan, 1987, Noren 

and Porter, 1974, Aimone and Dowding, 1983 and Yalun, 1~87). 

The photographic method gives reasonably accurate measurements 

and is inexpensive to perform with a minimum obstruction of 

the operations. A large area of the muck pile can be studied 

and hence, any sampling problems can be reduced. In this method 

the particle sizes are measured from a series of photographs 

taken from the muck pile. A scale is placed on the muck pile 

before the photographs are taken to measure the actual sizes 

of the particles in the photographs. This method is based on 

the following assumptions (Nie and Rustan, 1987): 

1. The surface fragment distribution is representative 

for the whole muck pile. Studies by Winzer et Al. (1983) 

using high speed photography and Noren and Porter (1974) 

using photographs suggest that the surface measurements 

are a reasonable representation of the muck pile. 
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2. All the fragments on the muck pile surface have the 

same depth (the unexposed dimension). This assumption is 

actually only used for transferring the area fraction of 

the fragments measured from the photos, into their 

volume fraction. This will be discussed in more detail 

later on. 

3. All the fragments have the same specific gravity. 

This is to assume that the volume fraction is equal to 

the weight fraction. 

4. The voids on the 

are filled with the 

surface between large fragments 

fine fragments to give a void-free 

layer. This also gives an estimate of fine portion of 

the muck pile as a percentage of total area. However, 

this might give an overestimation of fines. 

Sources of Error in Photographing and Analyzing 

The accuracy of the photographic method is effected by 

many factors. Subscribing to these assumptions mentioned above 

can cause errors. In addition, sources of error can also be 

found in the photographing and analyzing processes. Therefore, 

the following points should be considered: 

1. Often a distortion of the particle fragments during 

photography occurs. A fragment can show different area 
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and maximal diameters in a photograph, depending upon 

the relative position of the camera and the particle. 

Perspective distortion also occurs if the photograph is 

not taken perpendicular to the muck pile surface. The 

error resulting from perspective distortion can be mini

mized by taking the photographs from an elevated point 

perpendicular to the muck pile surface and also by 

placing scales at different locations on the muck pile. 

2. Some errors may result from cutting off a part of the 

particles with the edge of the photograph or by overla

pping them with other pieces. Often, it is only part of 

a fragment that appears on a photograph.If such parti

cles are excluded then a lot of pieces, especially the 

large ones, will be taken away and the fragmentation 

will appear to be finer. On the other hand, if we try 

to estimate the cut off segment of the particles and 

include them, some large fragments will be added to a 

photograph making the fragmentation coarser. The best 

thing to do when this occurs, is not to change anything, 

but to try to minimize the effect by increasing the 

number of samples. This is the advantage of using photo

graphic technique. 

3. Some errors may always be expected during the mea sur-
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ement procedures. Nie and Rustan (1987) have shown tq~ 

digitizing errors between analyses of the same photo

graph by different persons. These measurement errors 

are introduced by sample disturbance, random procedure 

effects, bias errors and statistical fluctuations. These 

errors may be random or systematic. So-called random 

errors are presumed to have an average of zero, and to 

be independent from one test to the next (Einstein and 

Baecher, 1981). Systematic bias errors have the same 

trend. These errors can be reduced by increasing the 

number of samples and using a correct and consistent 

procedure. 

In this study, the size analyses were performed using 

the photographic technique. Originally the use of large screens 

was intended to determine the size distribution of blasted 

rock. But it was found to be too time consuming. In addition, 

a large amount of sampling was required in order to have a 

representative distribution. 

Finally, slide photographs of the blasted material were 

taken after the muck pile was loaded, hauled and dumped. The 

material was mixed after handling and this reduced the effect 

of layering and the gradation of the material on size analysis 

results. The slides were projected on a large piece of paper 
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and the boundaries of the particles were traced. The size 

analysis was performed on traces of the particle boundaries. 

In order to eliminate the perspective distortion, scales were 

placed at different elevations on the muck pile and the 

photographs were broken into different sections with a different 

scale. 

Particle size 

Only regular geometric figures can have their size 

conveniently described. For example, the size of a sphere is 

clearly defined by its diameter; a cube by the length of its 

edge. A broken rock, on the other hand, consists of discrete 

particles of irregulur shape that cannot be accurately defined. 

Since it is frequently desirable to use a single number to 

describe a particle, it is necessary to adopt an approximate 

description as though the particles were a definite shape. 

Kelly and Spottiswood (1982) give a description of a number 

of diameters that can be invented. They are defined either in 

terms of some real property of the particle, such as its volume 

or surface area, or in terms of the behavior of the particle 

in some specific circumstances, such as settling in water under 

defined conditions. In a photograph, a two dimensional 

projection of particles is exposed. For any particle in the 
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photograph, the maximum and minimum dimensions of the projected 

area can be measured. Due to the effect of orientation of the 

particle, these may not necessarily be the actual dimensions. 

It is, however, desirable to assign a nominal diameter to each 

particle. This can be done by either taking the average of the 

maximum and minimum dimensions or by assigning the diameter 

of a sphere having the same projected area as the particle. 

Figure 6 shows the possible measurements of a particle in a 

photograph. The projected areal diameter can be calculated 

from the following: 

~ltp 
d = -

a n (9) 

where d a = the diameter of the equivalent sphere 

Ap = the projected surface area of the particle 

Determination of Mass Fraction from Areal Fraction 

The area of each particle was measured by overlaying a 

square grid on top of the traces of particles drawn from the 

slides, as shown in Figure 7. The number of squares covering 

each particle were then counted. The size distribution curves 

were constructed by plotting size versus cumulative areal 
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Figure 6. Possible measurements of a particle in a photograph 
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Figure 7. Traces of particles from a photograph 
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percentage of the total muck pile surface area. It can be shown 

that the areal fraction may be representative of mass fraction. 

Delesse (1848) proved that the volume density of the various 

components making up an object can be estimated on random 

sections by measuring the relative areas of their profiles, 

also called the areal density of the profiles on each section. 

weibel (1979) and Hilliard (1968) discuss methods of 

estimating sizes of particles from sections made through the 

particles. For instance, take a cube model containing irregular 

objects of same component in an x, y, z - coordinate system 

and slice it into very thin sections of thickness dy, parallel 

to x, z - plane. In this manner the area of profiles, a o can 

be measured. The volume of the objects in each slice is 

vo=ao·dy 

and the volume of the slice is 

vT=aT·dy 

where aT is the area of each slice. 

Now, the volume density can be calculated by taking total 

object volumes in each slice and dividing it by the sum of the 

slice volumes as in the following: 



LVo Vo 
V =-=-

II LVr Vr 
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(10) 

Then, replace Vr and Va by the product of areas and thicknesses 

(11 ) 

where AA is the areal density of the profiles in a slice. It 

is evident that both equations are equal, therefore 

11 v = A.i 

With the assumptions made, the areal density or areal fraction 

of each particle is equal to its mass fraction. The size 

distribution curves from the photographs can be represented 

as cumulative areal fraction which is similar to cumulative 

mass fraction, if the assumptions are correct. 

The selection of a method depends on size of the operation 

and amount of sampling required. For small size operations 

screening can be practical, but only a limited amount of 

sampling is practical, since as it was mentioned this method 
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is expensive and time consuming. Photographic method can be 

used for all kind of operations. A continuous sampling and 

monitoring of blasting results can be conducted with this 

method. Each method has its advantages and disadvantages and 

the user must be aware of these situations. 
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CHAPTER 5 

EXPERIMENTAL WORK 

The experiments were carried out at Cyprus Miami Mine, a 

typical copper mine, to evaluate the effect of both rock 

conditions and powder factor on fragmentation. The location, 

geology and the blasting program is discussed in this section. 

Location 

The Cyprus Miami mine is located in the Globe-Miami mining 

district in the southern portion of Gila County, Arizona 

approximately 90 miles east of Phoenix. 

Regional Geology 

A description of the regional and mine geology is given 

by Anderson (1987). The area is a broad valley surrounded by 

mountains which is typical of the Basin and Range province of 

southern Arizona. Rocks within the district range in age from 

Precambrian to Recent, with many unconformities and erosional 

disconformities between formations. 
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Regional structures 

In Arizona, regional structure shows northeast trends in 

folding and thrust faulting (northwest dip) and northeast 

trends of nearly vertical faults. These are believed to be 

Precambrian in age and are, thus, the oldest structures. These 

are superimposed by Jurrasic faulting and volcanism which has 

produced northwest trending. Laramide plutonism and subsequent 

core complex deformation resulted in additional folding and 

thrusting and in reactivation of Precambrian and Jurassic 

faulting. The predominant northeast -trend is reflected by 

elongation of the Schultze granite pluton and major fault 

trends in the area, including most of the mineralized fault-vein 

systems in the Globe Hills. 

Ore Occurrences 

The major mineral deposits in the Globe-Miami district are 

of the disseminated porphyry copper type. They include 

Miami-Inspiration, Pinto Valley-castle Dome, and Copper cities. 

The . largest is the Miami-Inspiration which has produced over 

eight billion pounds of copper. 

It is located on the north side of the Schultze granite 

pluton along the granite porphyry-schist contact. The deposit 

consists mainly of copper oxides and chalcocite. Other deposits 

- .. -., ...... -.... _ .. -..-.- ... -.... - --"~"'--'-- -.. ---.... 
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in the area consist mainly of the fault-vein type with varying 

mineral assemblages such as copper, lead-zinc, lead-zinc

vanadium, manganese-Iead-zinc-silver, gold-silver, etc. 

cyprus Miami Mine Geology 

The Cyprus Miami mine consists of the western three-quarters 

of the Miami-Inspiration orebody which is located in the 

south-central portion of the Globe-Miami mining district. 

Rock units 

Geological formations within the mine area range from 

Precambrian to Recent with some of the regional section missing. 

The most common rock found in the mine area is Precambrian 

Pinal schist. It consists of predominantly quartz and serecite 

with muscovite, chlorite, and biotite. other common rock types 

found in the mine are Tertiary Schultz granite and granite 

porphyry, Whitetail Conglomerate, Gila conglomerate and Dacite 

(also known as Apache Leaf tuff). 

Major and Minor structures 

The structural setting of the orebody is very complex. The 

resulting tectonic setting has been altered by block caving 

and other mining activities. These continuous activities have 
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resulted in a highly broken orebody. The most recent movements 

in the mine area are shown by Pinto and Bullpup faults, which 

strike northwest and dip northeast 40 to 50 degrees. other 

faul ts appearing in this area with the next most recent movement 

are Philadelphia, Gladiator, Bulldog, Caravel, Colorado and 

Apex, striking North-South with dips of 50 to 60 degrees east. 

Over 800 feet of strike-slip movement can be seen on the Joe 

Bush fault. Normal faulting occurs parallel to foliation in 

the Pinal schist. Other thrust and reverse faults are present 

in this area. 

Minor structures include joints, veins, foliation and 

smaller faults with trace lengths of 100 feet or less (less 

than two benches in height) • 

Rock Conditions at Test sites 

Blasting tests were carried out in the Precambrian Pinal 

Schist, the most common mine rock. As just mentioned, the 

structural setting of the orebody is very difficult to analyze. 

The original, complex tectonic discontinuity regime has been 

changed by imposed fractures from block caving and other mining 

activities. The result is that the orebody is highly fractured 

with high discontinuity intensity from which numerous poorly 
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defined joint sets can be identified. Schmidt plots of the 

joints show 10 to 20 distinct joint sets. (See Figures 8 and 

9) • 

In situ Block size Distribution 

In order to correlate the fragment size and specific charge 

to rock mass conditions the in situ block size distribution 

of the rock mass must be determined. All the methods discussed 

in the previous chapter were considered. 

At the early stages of the field measurements a 

discontinuity mapping program was established. Detailed line 

mapping was used at first, but it was found to be extremely 

diff icul t and time consuming because the rock was highly 

fractured. This method was replaced by areal or cell mapping 

of exposed faces in the area under study and consists of 

dividing the bench face into 30-foot wide cells. Instead of 

measuring each individual joint, sets of nearly parallel joints 

were identified and the mean orientation and average spacing 

for each set was measured and recorded. When the rock mass is 

highly jointed and fractured and a large area needs to be 

studied, the cell mapping method proved to be much more efficient 

than detail line mapping. The information obtained from cell 

mapping is very useful for identification and comparison of 
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different rock masses. However, it is difficult to use this 

information to define the rock masses quantitatively and the 

estimation of block sizes from the average spacings is not 

possible because the larger blocks formed by wider spacings 

are broken up by smaller spacings. Only the smaller spacings 

are preserved. 

As discussed in the previous chapter, there are some 

problems associated with making estimates of block sizes from 

fracture mapping. One problem is that most of these methods 

require measurements in three orthogonal directions. These 

conditions are seldom available. Another problem, as just 

discussed, is that the work becomes tedious when making 

measurements in highly fractured rock. A quicker and more 

efficient method is desirable for such conditions. 

During the mapping program, a method of estimating the 

block size distribution directly from the bench faces was 

developed. This consisted of measuring intercept lengths along 

a line on the face and is similar to making estimates of sizes 

from the core pieces. This method turned out to be quick, but 

there are similar types of errors and uncertainties as those 

encountered in making estimates from core logs. The inaccuracies 

in measurements come from the fact that the actual dimension 

of the blocks is not exposed and the measuring line may not 
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necessarily intercept the exposed part of the block along its 

maximum dimension. 

In general, taking measurements directly from the rock 

faces is difficult and time consuming. Normally, access to the 

entire rock face is nearly impossible. The lower segment of 

the bench can be mapped, however, the upper part cannot be 

reached. In most mining operations some of the blasted material 

is left on the bench face to be removed after the next blast, 

therefore, covering the faces. Another problem is that the 

bench faces are effected by the previous blast. New 

blast-induced fractures may become misleading during the 

mapping. Extreme care must be used not to include these blast 

induced fractures in the analysis. 

Safety is another problem with surveying the fractures 

along the bench face. There is always a good possibility of 

slides and falling of hanging blocks, which makes the working 

area extremely hazardous. 

The importance and effect of rock condition on fragmentation 

during blasting was discussed earlier. A continuous, pre

established source of information on rock mass condition, 

particularly block size distribution in the case of jointed 

rock masses, is highly desirable prior to the design of a blast 

round. In mining operations continuity of blasting, mucking 
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and hauling cannot be interrupted. It is not practical to wait 

until such information is provided. 

Photographs can provide some information on rock conditions 

without interrupting the mining activities and the hazards can 

be avoided. This method has been used before and is still in 

the development stage (for example see Franklin et al., 1988). 

This method has been considered by the author, but was not 

suitable for the conditions at Cyprus Miami Mine where the 

orebody is highly broken. Most of the fractures do not appear 

in the photograph or they are very diff icul t to identify. 

Photographs must be taken at close range. This requires a large 

number of photographs which makes the analysis expensive and 

time consuming. 

Under such circumstances, it is often better to attempt 

to arbitrarily define the rock structure in terms of its block 

size. This can be obtained directly from core logs as discussed 

in the previous chapter. A program has been established at 

Cyprus Miami Mine to determine the rock conditions from core 

logs for the whole mine rock. The entire ore body is divided 

into blocks of 33 by 33m (100 x 100 ft) and 16m (50 ft) thick. 

This is part of the development of'a block model for the mine. 

Size distributions are estimated from core logs at 16m intervals 

along the cores. A size distribution curve is assigned to each 
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block. For simplicity, the whole orebody is broken into six 

typical discontinuity regimes or rock classes according to 

their block sizes. These are designated as class one through 

six; class one being referred to as clay and crushed material 

and class six as one fracture per foot. This indicates that 

class one is the finest and class six the blockiest material. 

Figure 10 illustrates size distributions plotted conventionally 

as estimated percentage material finer than a particular size 

fraction for size classes. It must be noted that these curves 

are estimated from cores which are intercept length and do not 

represent the actual sizes. Figure 11 shows the same rock 

classes with a correction factor of 1.62 applied, assuming 

that the blocks are spherical. Although making such assumptions 

and using an average intercept length as a correction factor 

is questionable, these curves can be used for comparison and 

for presentation of different rock classes confidently. 

Furthermore, Figure 12 shows size distribution curves 

produced from the core logs of four exploratory holes. The 

particle sizes are estimated from geologic logs which show the 

size of the core pieces along the core run graphically. It 

must be noted that these graphic logs are obtained visually 

by the geologist and they are to some extent subjective. Each 

curve represents about 30m (100 ft) of core. The curves are 
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not corrected for the actual sizes. Hole 64-0229 falls within 

class six rock, hole 64-0537 and 64-0228 in class four and 

hole 64-0533 in class two material according to the mine block 

model developed at Cyprus Miami mine. These curves are similar 

to those illustrated in Figure 10. From Figure 12 it is 

demonstrated that the size distribution curves for rock masses 

can be estimated from core logs. 

Blasting Program 

Ten full-scale blasting tests were carried out at Cyprus 

Miami Mine in the Precambrian Pinal Schist, the most common 

mine rock. It was intended to study the effect of specific 

charge or powder factor on fragmentation at different rock 

classes as described in the previous section. Seen in terms 

of blasting, the input energy is essentially the powder factor 

describing the quantity of explosive per unit volume of rock 

excavated. Various powder factors were used by changing the 

burden and spacing and by keeping other parameters such as 

explosive column length, hole diameter, stemming and sub

drilling constant. The powder factor is calculated from the 

following relationship: 
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( 12) 

where PF is the powder factor, II c is the weight of explosive 

per hole, and H, Band S are the bench height, burden and 

spacing respectively. 

The mine drilling and blasting program consists of 270mm 

(10.62 inches) holesinsquarepatternsat7.5m (25ft) spacings. 

Bench height is 16m (50 ft) with 3m (6 ft) of sub-drilling. 

About 95 percent of all blasting is carried out using ANFO. 

Some slurries are used in wet areas. Typically 310-440 kg 

(700-900 Ibs) of a 94 percent AN (ammonium nitrate) - six 

percent fuel oil mixture is used in each hole. Normally 12 to 

16 holes are fired per blast in double rows with 25 millisecond 

delays between the holes. 

In order to investigate the effect of powder factor or 

explosive energy on fragmentation, two alternative patterns 

based on 6m (20 ft) and 9m (30 ft) spacings were used. Smaller 

spacings were considered, but because of the possibility of 

fly rock and production of a low profile muck pile not suitable 

for shovels, they were not tried out. From these patterns, 

specific charges of 0.26 to 0.71 kg/m3 (0.44 to 1.2 Ib/yrd3) 
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were obtained. 

These experiments were conducted in accordance to the mine 

plans. At the time of the experiments, most of the mining 

activities were in the waste and undercut material from old 

block caving operations. Therefore, most of blasting being 

done at the mine was in this type of material not relevant to 

this study. The test shots had to be part of the mining operation 

according to the progress plans. There was virtually no control 

over the selection of location for the test shots. Most of the 

shots under study were in class four material. There were three 

shots in class one and only one in class six. Unfortunately, 

the occurrence of the class six material in this ore body is 

rare. The information from this material would have been very 

valuable for the analysis and for making correlations between 

the input energy, product size and in situ rock condition. 

Size Distribution Measurements 

During a preliminary study, size analysis was carried out 

by screening. A large set of screens in sizes 12, 6, 3 and 1.5 

inches (305, 150, 75 and 37 mm) were used. A backhoe was used 

to dump about one ton (0.88 tonne) of rock material onto the 

screens. The particles obtained on each screen were weighed. 

Samples were taken from the pass to determine the fine portion 
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in the laboratory. The screening and weighing operation was 

found to be too time consuming. The sampling was not sufficient 

to obtain a representative sample of the whole muck pile. The 

larger pieces could not be sampled since the loading equipment's 

bucket was not large enough to collect the large blocks. For 

these reasons, a photographic method of size analysis was used 

instead of screening for further studies. 

For eaoh test shot two truck loads of material were 

photographed using slide film, after the material was loaded, 

hauled and dumped at the leach dump site. Three or four slides 

were taken from the material out of each test shot. The analysis 

was performed according to the procedures described in the 

previous chapter. Samples of photographs and traces of the 

particles for each shot are shown in Figures 13 to 33. 

The sampling was found to be sufficient and quick. However, 

measuring the particle sizes manually is very time consuming. 

This can be significantly improved if the analyses are 

automated. The results of the size analysis are given in the 

next chapter. Table 1 summarizes the blasting tests. 



Table 1: Summary of blasting tests. 

Blast 

No. 

201-a 

176 

268 

102 

262 

264 

128 

251 

136 

201-b 

Rock 

Class 

6 

4 

4 

4 

4 

4 

4 

1 

1 

1 

Powder factor 

kg/m3 

0.71 1.2 

0.26 0.44 

0.27 0.46 

0.47 0.80 

0.46 0.78 

0.65 1. 09 

0.71 1.19 

0.35 0.60 

0.41 0.70 

0.71 1.20 
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Figure 13. Photograph of a muck pile (Shot 201-a) 
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Figure 15. Photograph of a muck pile (Shot 176) 
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Figure 16. Traces of particles (Shot 176) 



92 

Figure 17. Photograph of a muck pile (Shot 268) 
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Figure 18. Traces of particles (Shot 268) 
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Figure 19. Photograph of a muck pile (Shot 102) 
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Figure 21. Photograph of a muck pile (Shot 262) 
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Figure 22. Traces of particles (Shot 262) 
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Figure 23. Photograph of a muck pile (Shot 264) 
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Figure 24. Traces of particles (Shot 264) 
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Figure 25. Photograph of a muck pile (Shot 128) 
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Figure 26. Traces of particles (Shot 128) 
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Figure 28. Traces of particles (Shot 251) 
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Figure 29. Photograph of a muck pile (Shot 136) 
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Figure 30. Traces of particles (Shot 136) 
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Figure 31. Photograph of a muck pile (Shot 201-b) 
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Figure 32. Traces of particles (Shot 201-b) 

----- -_ .... 
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CHAPTER 6 

RESULTS AND ANALYSIS 

This chapter summarizes the results of ten full scale 

blasting tests conducted at Cyprus Miami mine. The results of 

investigations led to derivation of relationships between 

explosive energy and degree of fragmentation. These rela

tionships are studied and presented using both the simple 

conventional graphical presentation of size distribution of 

blasted rock and the basis of rock fracture mechanics. 

Presentation of Size Distribution Data 

Because it is normally impractical to measure each particle 

individually, size analysis is carried out by dividing the 

particles into a number of suitably narrow size ranges. Data 

are commonly presented in a tabular form, but the pictorial 

or graphic forms, as plots of quantity versus particle size, 

give a better representation. 

Mathematical equations may also be used to describe size 

distributions. Although attempts have been made to relate these 

to actual fracture mechanics, most are empirical relationships 

that are simply a convenient description of data. In collecting 
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data, the choice of size ranges is important. A geometric 

progression of intervals is more realistic when a wide range 

of particle sizes is encountered. Arithmetic series can be 

used in the case where the particles have a narrow size range. 

The property, or basis, used to determine the quantity of 

particles in each size interval is significant as well. 

Properties commonly used are mass (or volume), surface area, 

length, or number. Because of ease of measurement, the first 

is more practical for small particles and small amount of 

sampling, and the last may be suitable for very large particles. 

Surface and lengths, being experimentally more difficult to 

measure, are restricted to special situations, such as what 

is encountered in this study where measurement of mass or 

volume was not practical. 

Graphically, data are conventionally presented by plotting 

particle size horizontally (x-axis) and the measured quantity 

of property vertically (y-axis). In many cases, a size analysis 

may be carried out to determine the amount of material greater 

than or smaller than a specified size. For this reason data 

are more commonly plotted as the cumulative percent of material 

versus log size. Kelly and Spottiswood (1982) discuss many 

possible forms of graphical and mathematical presentation of 

size distribution. 



110 

Size Distribution of Fragmented Rock 

Size distribution curves for ten blasts at three different 

rock classes were obtained by photoanalysis. Figures 33 to 36 

illustrate these size distribution curves in terms of cumulative 

areal percentage finer than a specified size versus log size. 

In addition to these, number of particles is used as measuring 

property to produce size distribution curves shown in Figures 

37a and 37b. As it is illustrated, the lower limit of sizes 

in these plots is 25.4 rom (1 inch); that is the smallest 

particle size that could be measured from the photographs. 

When using number of particles as a quantity property, the 

finer portion of samples is disregarded. Therefore, this may 

not be an appropriate method when there is a large percent of 

fines present in the muck pile. However, these plots for just 

three test blasts are reproduced for comparison of methods. 

Using number of particles allows to show a confidence band. 

A 95 percent confidence band is determined for each size group 

from the following relationship: 
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where .\." is the proportion of rock particles in the sample that 

are less than the maximum size of the specified interval, Po 

is the percentage of rocks in a sample within a specified size 

interval, N is the total number of rock particles in the sample 

and P is the population proportion. The 95 percent confidence 

band is shown in Figures 37a and 37b. Since the total number 

of particles is large for these experiments the confidence 

band is very narrow. 

The effect of powder factor on degree of fragmentation is 

clearly apparent in these plots. Correlation between powder 

factor or other measures of blast efficiency and particle size 

is a major factor in blast design and rock fragmentation which 

has not always been a high pr ior i ty in blasting. The most 

important process in rock fragmentation is the partitioning 

of energy. During fragmentation the volume or mass is preserved, 

but the surface area is increased and that is where the energy 

is expended. Therefore, the partitioning of energy must be 

measured and analyzed in terms of specific surface energy. 

This requires measurement of expended energy and total new 

surface area created during fragmentation •. By this approach, 

a better insight might be gained from the fracture mechanics. 
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Rock Fracture Mechanics 

In any size reduction operation i.e., crushing, milling, 

drilling and blasting, the breakage of any individual particle 

or block is occurring simultaneously with that of many other 

particles. Each individual particle breaks as a result of the 

stresses applied to it and it alone, so it is of value to 

investigate a single fracturing processes. In seeking to 

understand the fundamental mechanics by which rocks break, a 

number of investigators over many years have attempted to apply 

the concepts of fracture mechanics as used in the materials 

and rock mechanics disciplines. 

The basis of rock fracture mechanics is a correlation 

between energy input, rock resistance (usually expressed as 

fracture surface energy or strength) and the area of fracture 

surface created. Except at very small sizes, a rock particle 

may be considered to be brittle material; that is, the strain 

is proportional to the applied stresses until the point at 

which fracture occurs (Kelly and Spottiswood, 1982). A classic 

representation is Griffith's phenomenological description of 

fracture of brittle materials in terms of tensile stresses at 

an elliptical crack tip, expressed as an energy balance between 
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the strain energy stored in the tip vicinity from external 

work and the surface energy required to extend the crack and 

this is shown by the following: 

a~ a 
E c 

( 14) 

where 01 is the tensile stress at the crack tip, c the crack 

length, E the rock modulus and a the surface energy required 

to satisfy unit area of new crack surface. 

An analogous, earlier, representation is Rittinger's very 

similar empirical comminution equation 

k' = 1'" (~- ~) cap F ( 15) 

which is the basis of the Bond equation for mill design 

(
10 10) 

11/ c = hi I fP - IF ( 16) 

---.' " -, ..... --.~.. - ,.-.-- --, ...... ", .~- - ~- #. 
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where hi c is the energy input per unit volume of feed rock, 

J, f 
a is a constant related to the surface energy required to 

satisfy unit area of new surface formed during size reduction, 

k'i is the related Bond Work Index, and P and F are respectively 

the average spherical particle diameter of the product and 

feed. It can be seen that equation 16 is essentially a simple 

energy balance based in the assumption that a constant pro

portion of the input energy is used in comminution. In equation 

16 the units of P and F are microns and the upper line 10 

represents ~ 10011 m so that the particle size factor is 

dimensionless and '" c and "'" I have the same units. 

Seen in terms of blasting, the input energy is essentially 

the powder factor (P.F.) describing the quantity of explosive 

per unit volume of rock excavated. In both Rittinger's and 

Bond's equations, the difference between the inverses of feed 

and product sizes can be related more logically to the change 

in specific surface area (So) of the blasted rock. This is a 

quantity used in engineering to describe the surface area of 

fine particulate materials such as cement and is defined as 

the surface area of particles per unit volume of material. 

Thus both equations can be reduced to a valid form for blasting 

as following: 
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( 17) 

where 11-' 01 and I1/oi are the final and initial specific surface 

areas, TVa will be a complex variable affected by the strength, 

modulus and particularly the discontinuity structure of the 

rock. However, for a particular rock condition W a can be 

assumed constant. The validity of a relation between P.F. and 

So can then be investigated. 

Determination of specific Surface Area 

The specific surface area can be calculated by taking the 

sum of surface area of each particle divided by the total 

volume. This is equal to the surface area of the average 

particle size divided by its volume. For a spherical particle 

the specific surface area is 

So = S Sphere = __ 6_ 
V Sphere D sphere 

( 18) 

where S SphQrQ is the diameter of sphere. If it is assumed that 

the particles have spherical shape the specific surface area 

is equal to D 
6 

• Next step is to determine the average diameter. 
AI-' 
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The average diameter can be calculated depending on the 

method of measurement of particles. If number of particles are 

used as the measuring parameter the arithmetic or geometric 

mean diameter can be easily calculated. HO~.1ever, if there finer 

material contain a large portion of the rock material this may 

not give the correct value, unless the fines are actually 

measured. However, it is interesting to note that from the 

size distribution curves the D lo particle size (the size at 

which in sieve analysis, 10 percent of the particles are finer) 

is often equated in the case of blocky evenly graded particles 

to the average equivalent spherical particle diameter. This 

in turn (see Attwell and Farmer, 1976) can be shown to be equal 
6 to So for reasonably equidimensional blocky rock. This simple 

procedure was used to estimate the specific surface area for 

original rock conditions and blasted rock from the size dis-

tribution curves developed and discussed earlier. 

Relations Between Blast Energy and Surface Area 

Energy input per unit rock volume was calculated from the 

powder factor multiplied by the total explosive energy (912 

kcal/kg for ANFO). Results from each blast are given in Table 

2. 

,...... -"f '" .......... _._,., •• _. __ ...... . 



Table 2: Summal:Y of So and 11' c calculations 

Blast 

No. 

201-a 

128 

264 

102 

262 

268 

176 

201-b 

136 

251 

Rock 

Class 

6 

4 

4 

4 

4 

4 

4 

1 

1 

1 

161.5 

559.7 

559.7 

559.7 

559.7 

559.7 

559.7 

2357.3 

2357.3 

2357.3 

P.F. 

kg/m3 

0.71 

0.71 

0.65 

0.47 

0.46 

0.27 

0.26 

0.71 

0.41 

0.35 

2.85 

2.83 

2.59 

1.90 

1.85 

1. 09 

1.04 

2.85 

1. 66 

1. 42 

123 

196.9 

1686.4 

787.4 

472.4 

429.8 

196.9 

236.2 

3149.6 

1181.1 

1026.9 

Figures 38 and 39 plot energy input against So in logarithmic 

and linear scale respectively for blasts in different rock 

classes. For rock class four where six blasts were carried 

out, the correlation is very good. For the other rock types 

there is evidence of increased and decreased resistance to 
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blasting. The equations for each rock type are 

[,,1 c = 0.024Sg·60 

Iv' c = 0.078Sg·50 

hi c = 0.200Sg·50 

(class 1) 

(class 4) 

(class 6) 

126 

( 19) 

(20) 

(21) 

where Il c is the total energy input per unit rock volume in 

MJ/m3 and So is the specific surface area in m-1 • The equation 

for class six rock is estimated by assuming that the slopes 

of the lines are similar. 

units of the constants in these equations are compatible 

wi th units of h' Cf if the dimensionless assumptions of the Bond 

equation are accepted. However, to make the units compatible 

regardless of Bond equation assumptions, the values of So are 

normalized by dividing So by the original specific surface 

area of fractures in the unbroken rock (S Oi). These are plotted 

again in Figure 40. The relationship between input energy and 

normalized specific surface area is 
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Ii! c = 2.08 -2!.. ( 
S )0.52 
SOl 

(22) 

It should be noted that there will be errors in the original 

So estimates since these are not direct measurements, but are 

estimated from core logs. The original So values might be 

expected to be smaller than the estimated values. However, it 

is not surprising that the original So of the blasted material 

at lower powder factor or energy input. From observation of 

the muck pile following blasting, it can be seen that almost 

all blocks still contain pre-existing fractures that did not 

open during blasting. 

Discussion 

The results show that at lower energy input of less than 

2 MJ /m3 (or powder factor less than 0.5 kg /m3 ) the entire 

fragmentation is controlled by the fractures in the undisturbed 

rock. When the input energy was increased to 2.85 MJ/m3 (powder 

factor of 0.7 kg/m3 ) the increase in surface area is clearly 

apparent. About 70 to 80 percent of the surface area is 

contributed by the surface area of the fractures in undisturbed 

rock for all three rock classes. This contribution may be 

decreased if the specific energy is increased. However, there 



129 

are no data to confirm this. 

A large portion of the explosive energy is used up during 

various types of deformation, heating the rock, flight of 

fragments, etc, which do not contribute in formation of any 

new surface area. A big step in determination of energy par

titioning will be the ability to measure energy expenditure 

in all forms described above in order to separate the actual 

energy input in formation of new surface areas. There has been 

many attempts to make a direct measurement of total energy 

responsible for fragmentation only. Experiments, such as small 

blasting tests in a calorimeter, have been conducted (Michik 

and Dolgov, 1967). Although, in these experiments the energy 

converted to heat can be separated, the result is determination 

of a rock index, dependent on the strength and the structure 

of the rock, rather than the actual specific surface energy 

of the rock. 

Studies on crack formation and determination of required 

energy to create and extend a single fracture has been carried 

out by many investigators over many years (for example see 

Gilman, 1961; Summers et al., 1971; Oka and Majima, 1970; 

Atkinson, 1987; Kelly and spottiswood, 1982; Grady and Kipp, 

1987). Oka and Majima (1970) show and confirm experimentally 
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that the tensile stress at fracture (or the tensile strength) 

0, that is generated in a single particle can be approximated 

by 

(23) 

where Fo is the value of the applied load at fracture and d 

is the particle diameter. Further, the energy required to break 

a particle can be expressed in terms of the particle size and 

the properties of the material of the particle as 

(24) 

where K t. is a constant dependent only on the Poisson's ratio 

of the rock particle and E is the Young's modulus. 

Under conditions of small scale yielding the various 

fracture mechanics parameters can be considered as equivalent 

(Atkinson, 1987). In plain strain crack propagation the fol

lowing equation is given by Atkinson (1987): 
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(25) 

where G c is energy rate resistance in units of Jm-2 , Kc is 

stress intensity resistance in MPa m1/ 2 and v is the Poison's 

ratio. According to Atkinson (1987) this equivalence only holds 

if the assumption of linear elasticity is valid. The values 

of G c and K c for various rocks and minerals are given by Atkinson 

and Meredith (1987). These values are determined experimen-

tally. 

Jaeger and Cook (1979, p523) have shown a linear 

relationship between energy per unit volume of rock excavated 

and average dimension or specific surface area for mechanical 

excavation using picks or discs and for drilling machines. 

This corresponds to Ri ttingers 's hypothesis using an effective 

surface energy of 0.27 MJ/m2. Comminution processes such as 

grinding and crushing correlate with the Bond equation with 

an index h/
i of 200 MJ/m3. The current data suggests strongly 

a similar relation for blasting. 

Fragmentation and crack development of rock is the result 

of the activation, growth and coalescence of inherent dis-

tribution of fracture-producing flaws. There has been a con

siderable effort focused on characterizing the flaw 
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distribut.ion in rock material, through direct observation 

(Shockey, et al., 1974) or other indirect methods (Grady and 

Kipp, 1980). The flaw distribution has been related to the 

stress level of flaw activation with n(a) providing the number 

of flaws per unit volume which activate ate or below a stress, 

a (Grady and Kipp, 1987). The following relationship to predict 

the nominal fragment size is given by Grady and Kipp (1987): 

(26) 

where ac is the threshold stress achieved before failure. 

Macroscopic structures such as joints and discontinuities 

have the same influence on rock fragmentation and energy 

requirement for creating new surfaces. The observations from 

the full scale blasting experiments clearly confirm the 

influence of rock block sizes on product size. The results 

shown in Figures 38 and 39 suggest that most of the explosive 

energy goes into opening pre-existing fractures. Most of the 

new surface area is produced at the crushed zone surrounding 

the charge which consumes a large fraction of the explosive 

energy. Figure 39 clearly shows that the same increase in 

energy provides more surface area in class one rock than in 
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class four. This is another evidence that the fragmentation 

is mostly controlled by the pre-existing fractures. 

The values of 1.'a in Equations 19 to 21 can be considered 

a strength cr iter ion which is related to 50 of the undisturbed 

rock. The specific energy of rock fragmentation is measured 

in MJ/m3, which has the same dimensions MN/m2, as strength. 

The slope of the plots in Figure 38 is an indication of blasting 

efficiency. At the present time not enough data on blasting 

is available to make conclusive statement on whether the slope 

should be constant at different original 50 or not. However, 

the results shown here indicate a slight increase in slope of 

the line as 50 of the undisturbed rock is increased. This means 

that for a given increase in input energy there will be a 

higher increase in specific surface area, or in other words, 

the specific surface area will be more sensitive to changes 

in input energy in conditions where the rock is less broken 

in its original state. This can be explained by the fact that 

most of the explosive energy is lost by gas venting through 

fractures and openings, and that it takes more energy to break 

smaller pieces of rock. 

The results here suggest that blasting is a more efficient 

method of energy utilization than other excavation methods, 

particularly in weaker rocks. 
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CHAPTER 7 

SCALE INVARIANCE METHODS OF ASSESSING SIZE DISTRIBUTION 

A new method describing size distribution of in situ and 

fragmented rocks is considered. This is the description of 

scale invariance defining a power law relation between a number 

( in this case the number of blocks or fragments with a 

characteristic linear dimension) and a size. There are numerous 

scale invariant processes in nature and the approach can be 

used to characterize both particle size data and rock 

discontinuity data. The basic advantage of this approach is 

that a series of lithologically similar rock masses or 

fragmented rock derived from them can be characterized by a 

single fractal dimension or, at most by two dimensions, allowing 

a rapid method of determining the spatial variability of size 

distribution. 

The geometry, size and shape characteristics of objects 

in nature can be described by fractal, which is introduced by 

Mandelbrot (1977 and 1982). Geometry of objects which looks 

the same at any scaling level can be described by fractal. 

Objects with such self-similarity behavior are present 

everywhere in nature. Branches of a tree look just like the 
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tree; tributaries of a river are just smaller rivers; small 

mountains and big mountains look alike, etc. (Wong and Lin, 

1988). This interesting phenomenon in geological material has 

been studied by various investigators. Turcotte (1986) lists 

the fractal dimension of meteorites and fragmented rocks. 

Poulton et al. (1990) and Mojtabai et al. (1989) used fractal 

dimension as a descriptor of fragmented rock, joint spacings 

and in situ block sizes. Krohn and Thompson (1986) measured 

the fractal dimension of the microstructures of sandstones 

from scanning electron microscope (SEM) images of fractured 

surfaces. Barton and Larsen (1985) studied fractal geometry 

of fracture networks. Latham and Poole (1987) used fractal 

dimension as a shape descriptor of aggregates. 

The derivations and description of fractals are given in 

the next section. For a complete theory and background of 

fractals see Mandelbrot (1982) , Barnsly (1988) and Voss (1985) . 

Fractals 

The term fractal comes from the Latin adjective fractus, 

meaning irregular or fragmented. Fractals imply scale invariant 

behavior of objects. That is lengths, areas or volumes are 
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divided into smaller, self-similar parts. If a line of length 

one is divided into N parts, the scaling factor r is inversely 

proportional to the number of parts as follows: 

1 
r=-

N 
(27) 

The scaling factor r in a plane is inversely proportional to 

the square root of the number of parts 

For a volume it is 

1 
r=

I 

N 2 
(28) 

(29) 

For a D-dimensional self-similar object the scaling factor is 

For D we can write 

1 
r=

I 

N D 

(N) 
D = log (I) 

log ~ 

(30) 

(31 ) 

D is the fractal or similarity dimension for a self-similar 

object of N parts scaled by a ratio r from the whole. The 

fractal dimension, unlike the more familiar notion of Euclidean 

dimension, need not to be an integer. 

----- --_.. ' ... -.... 
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The best illustration of fractals can be seen in the von 

Koch snowflake curve (see Mandelbrot, 1982; McWorter and 

Tazelaar, 1987 and Voss, 1985). As illustrated in Figure 41, 

the fractal curve is constructed by dividing each line segment 

into thirds and replacing the middle third by two segments 

which forms part of an equilateral triangle. At the next stage 

in the construction each section contains four sides and each 

side is replaced by four new segments with length 1/3 of the 

side. The process produces self-similar portions and the curve 

is said to be invariant under changes of scale. This self-

similarity or scaling is on of the central concepts of fractal 

geometry (Voss, 1985). 

From Equation 31 the fractal dimension for the Koch 

snowflake curve is: 

D=log(4)= 1.26 
log (3) 

other similar shapes and curves can be produced using the 

same process. Mandelbrot (1982) and Barnsley (1988) give many 

examples including classical forms such as Sierpinski triangle 

and cantor set. 

Fractal Distributions 

Scale invariance requires a power law relation between a 



Figure 41. stages of development of Koch's 
snow flake (after McWorter and 
Tazelaar, 1987). 
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number and a size. Fractal concepts can also be applied to 

a statistical distribution of objects (Turcotte, 1989). If the 

number of objects N r with a characteristic linear dimension 

greater than r satisfies the relation 

N = Cr- D 
r (32) 

a fractal distribution is defined with D, the fractal dimension, 

and C, a constant of proportionality. 

As mathematical representation, Equation 32 could be valid 

over an infinite range, however, for any physical application 

there will be upper and lower limits on the applicability of 

the fractal distribution (Turcotte, 1989). The essential 

feature of the fractal distribution is its scale invariance. 

If scale invariance extends over a sufficient range of sizes 

then the fractal distribution provides a useful description 

of the applicable statistical distribution. 

Fragmentation and Fractal 

Fragmentation and fracturing of geologic material occurs 

in many ways and at different scales, from large scale such 

as joints and discontinuities to microscopic scale such as 
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microcracks. Rocks can be fragmented by weathering, explosives 

or impacts. The distribution of fragment sizes is likely to 

be related to the distribution of joints and other pre-existing 

planes of weakness in the rock and the amount of input energy. 

It has been conventional in the past to describe frag

mentation by a negative exponential dependence 

(33) 

where N is the total number of fragments and ro is the mean 

fragment size. A variety of statistical relationships have 

been used to correlate data on the size distribution of 

fragments. The most widely used distribution is Weibull dis

tribution, which is similar to Equation 33 and the power law. 

All can be reduced to the fractal distribution. Turcotte 

(1986) showed that the power law distribution is equivalent 

in a variety of forms to the fractal distribution given in 

Equation 32. Several examples of power law fragmentation are 

given by Turcotte (1986 and 1989). Fractal dimensions of 1.44 

to 3.54 for various material fragmented by different methods, 

such as projectile fragmentation, chemical or nuclear explo-

sions, broken coal and meteorites, are given. Poulton et al. 
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(1990) shows the number versus size relationship of equation 

32 by illustrating size distributions for quartz monzonite 

broken by flyer plate impact at different energy levels. The 

data show a range from D = 1.8 to 3.03 for in pressure ranges 

of 1.6 to 4.7 GPa and pulse durations of one to six microsecpnds . 

The data also show, quite clearly, a correlation between energy 

input and fractal dimension. As the pressure level and pulse 

duration increases the fractal dimension increases. It is seen 

that a great variety of fragmentation processes can be 

interpreted in terms of a fractal dimension. 

Fractal Distribution of Blasted Rock 

The power law relation of Equation 32 is used to show the 

fractal distribution of blasted rock for different blasting 

conditions. Figures 42 to 47 illustrate the number to size 

relationship for blasting at different powder factors are input 

energies in three different rock classes. Fractal dimensions 

are shown in every plot, as well. Table 3 lists the fractal 

dimension D for different test shots. The impportance and 

significance of the value of constant C in Equation 32 are not 

certain at this point. However, it is directly a function of 

the number particles or the amount of sampling. If more particles 

are sampled the value of C will be higher. 
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Figure 42. Fractal distribution of shot 201-a. 
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Table 3: Fractal dimensions of blasted rock from different 

test shots 

Blast 

No. 

201-a 

128 

102 

176 

201-b 

136 

Rock 

Class 

6 

4 

4 

4 

1 

1 

Energy Density (hi c) 

MJ/m3 

2.85 

2.83 

1.90 

1.04 

2.85 

1.66 

Fractal Dimension 

D 

2.44 

2.72 

2.56 

2.46 

3.46 

2.63 

The fractal dimensions recorded in publications (for 

example see Turcotte, 1986 and 1989 and Poulton et al., 1990) 

vary considerably, but most lie in the range 2<D<3 as it is 

in the case of these experiments in this study. If the fractal 

dimension is less than three the volume integral diverges for 

large particles; that is, the volume (or mass) of small particles 

is negligible (Turcotte, 1989). For shot 201-b the fractal 
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dimension is greater than three. For this case the input energy 

is higher and -the rock was class one material, which is highly 

broken, to begin with. It is clear that the volume of smaller 

particles dominates. Furthermore, if the fractal dimension is 

greater than two the area of small particles dominates. 

The effect of energy density and in situ rock conditions 

on values of fractal dimension, D, is apparent. As the energy 

increases the value of D increases and for the same amount 

of energy the material from class one shows a higher D value. 

High fractal dimension indicates a higher ratio of the number 

of fines to large particles, which in turn is an indication 

of a higher degree of fragmentation for the same material. 

During fragmentation, volume (or mass) is conserved while area 

is not. creation of new ares require energy. Thus, it is 

reasonable to hypothesize that the fractal dimension will 

increase with an increase in the input energy during frag

mentation. The data shown here and those illustrated by Poulton 

et. ale (1990) is well in agreement with this hypothesis. 

In Figures 42 to 47 other interesting phenomenon can be 

observed. A decrease in slope of the points at the finer end 

of the particle size is noticeable. This may be due to the 

diff icul ties involved with making measurements of smaller 

particles. However, as it is also reported by Turcotte (1989), 
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in all cases it is expected that there will be an upper and 

lower limit on the validity of the fractal or power law relation 

for fragmentation. The upper limit is generally controlled by 

the size of the object or region that is being fragmented. In 

the case of large scale blasting, the fracture frequency or 

the mean fracture spacing determines the upper limit. The lower 

limit is likely to be controlled by the scale of microstructures, 

such as microcracks or grain size. It is expected that the 

material behaves differently during fragmentation when it is 

broken down to the sizes smaller than its grain size, which 

will result in different fractal dimension and perhaps a lower 

value. 

Londe (1974), Priest and Hudson (1976), Rocha (1965) and 

Snow (1968) amongst others have noted the negative exponential 

distribution pf discontinuity frequencies in various rocks. 

Fractal dimensions can be defined for fracture spacing and 

length data in the manner discussed above. Fractal dimensions 

computed from various sources are given by Poulton et al. 

(1990) . 

Discontinuity frequency defines, in one dimensional terms, 

the block size of discontinuous rock masses. If the discon

tinuity frequency follows a negative exponential distribution, 

then so should the block size. If scale invariance can be 
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applied to rock breakage then fracture frequency, block size 

and particle size should all show similar fractal distribution 

for a given rock mass. 

It is recognized that scale invariance is an important 

feature of many geological problems. It is shown that a fractal 

distribution is a statistical distribution that is scale 

invariant. It has also been observfad that many geological data 

sets are fractals. In this context, fractals are a suitable 

tool to empirically make a quantitative correlation of a variety 

of observations, suggesting ways in which complex problems can 

be studied. 

Applications of fractals is not limited to fragmentation 

processes. Fractal concept has been used in studying the ore 

grade and tonnage, seismicity, perimeter and shape relations, 

probability, cluster analysis and time series. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

This chapter concludes this study on fragmentation analysis 

in intensely fractured rock masses. Suggestions for additional 

work are provided. 

Conclusions 

with the present interest in specific energies of rock 

breakage, there is a need for a simple method of evaluating 

the surface energy of rock material. More important is the 

ability to predict and making correlation between energy 

partitioning during rock breakage and rock fragment size or 

surface area of the products in the comminution and blasting 

process. 

Rock breakage by explosives can occur by crushing, relative 

radial motion, release of load, spalling, shear, gas extension 

of shock-induced and natural fractures and in-flight colli

sions. The importance of each fracture mechanism and the overall 

degree of fragmentation depend upon rock properties, 

particularly the presence of natural fractures and intensity 

of fracturing, and explosive energy and distribution of this 

energy. 
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The influence of rock block sizes on product size is apparent 

from the results of 10 test blasts in different rock classes. 

The data show that most of the useful explosive energy goes 

into opening pre-existing fractures and heaving the rock. 

Almost the entire product size is controlled by the natural 

fractures at energy levels below 2 MJ/m3 (powder factor of 0.5 

kg/m3). At higher energy levels of 2.85 MJ/m3 (powder factor 

of 0.71 kg/m3) about 70 to 80 percent of the blasted rock sizes 

is controlled by the pre-existing' fractures. 

In rock breakage the volumes or masses are preserved. The 

surface area of the material is increased after fragmentation 

which is defined in terms of specific surface area (surface 

area per unit volume of blasted rock). The explosive energy 

in terms of energy per unit volume of broken rock is cor.related 

closely with specific surface area. A power law defining this 

relationship for at different rock conditions is given. These 

relationships show that the efficiency of blasting is increased 

as the intensity of the natural fractures is increased. This 

implies that most of explosive energy goes into opening the 

pre-existing fractures since it takes less energy to open these 

fractures than creating new ones. 

Comparison of the relationships between specific surface 

area and the explosive energy with empirical comminution 
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equations given by Bond and Rittinger suggest that rock 

fragmentation by explosives follows the Bond equation. The 

results here show that blasting is a more efficient method of 

energy utilization than other excavation methods, particularly 

in weaker rocks. The significance and importance of energy 

balance in rock fragmentation has been demonstrated. 

It was necessary to review and test different techniques 

that are used to describe and measure the block sizes of both 

undisturbed and blasted rock block sizes. The photographic 

method was found to be the most sui table and practical technique 

for determination of blasted rock block sizes, particularly 

when large amount of material are involved in the analysis. 

The in situ block sizes are measured from core logs. This 

provides a reasonable information on the rock condition and 

block sizes. Methods that require direct measurements and 

mapping of the bench faces were found to be impractical and 

time consuming where the rock mass is intensely fractured. 

Scale invariance method of describing the fragment sizes 

is introduced as an alternative to the conventional methods. 

The data obtained from the blasting tests show that the blasted 

rock is scale invariant for a given size range and follow a 

fractal distribution. The application of fractal concept to 

fragmentation processes is still new. There are some 
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uncertainties and controversies regarding the physical meaning 

of the fractal dimension as descriptor of the material. However, 

if it is proven that the blasted rock is scale invariant the 

determination of size distribution becomes very easy. Only a 

small range of sizes need to be measured and analyzed and the 

rest can be estimated. 

The fractal dimensions of the blasted rock at different 

energy levels and rock conditions are determined. The fragmented 

rocks at higher energy levels show higher fractal dimensions. 

At the same energy input blasted rocks from weaker rocks with 

higher fracture intensity showed higher fractal dimensions. 

The fractal dimension can be used as a strength index or a 

discriptor of the rock fragmentation processes. 

There are many aspects of the ambitious study that has 

been presented. The correlations between the rock block sizes 

or specif ic surface area and energy input during fragmentation 

needs to be studied in more detail. In order to make the results 

in from this study more conclusive the methods of obtaining 

information need to be improved. To complete the correlations 

between the rock conditions and fragment sizes at different 

input energies more information from blasting in more competent 

rock is needed. It is extremely important that these experiments 

be carried out in large scale and actual blasting operations. 
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The accuracy and reliability of analytical models derived from 

small scale experiments and computer simulations are not 

certain. 

Determination of size distribution of blasted rock using 

photographic techniques seems to be the most practical method. 

However, some improvements are needed. Although the sampling 

can be done quickly without any obstruction of the operations, 

the analysis of the photographs are time consuming. Automated 

methods need to be developed in such a way that the analysis 

of the photographs can be done directly by a computer and the 

analysis can be fully automated. 

The most difficult part of this study was the determination 

of in situ block sizes. The importance of information on block 

size distribution of the rock masses is not limited to blasting 

operations. The rock block sizes influence the stability of 

rock masses and they control the flow through fractures. It 

extremely important to develop a method that the block sizes 

can be measured or estimated quickly and accurately. 
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