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ABSTRACT 

The success of rock fragmentation by blasting and 

subsurface fluid flow depends on many variables, including 

in-situ fragmentation. This study presents select data from 

a review of over 13 000 feet of core samples drilled at seven 

different mine properties in the United States and Chile. 

Two-dimensional computer simulations of fractures can 

be used to quantify the volume of rock required to calculate 

a stable estimate of mean fragment size. Spatial periodicity 

of fragment size measurements is indicated through vertical 

variograms and is used as the basis for a statistical 

analysis for the zoning of rock masses. A more reliable 

quantitative method to characterize the size distribution of 

in-situ rock using digital image processing of drill core 

photographs is also included. Furthermore, a complete 

experimental analysis is provided for the comparison of 

currently used correction methods used to develop the full 

volumetric fragment size distribution curve. 
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CHAPTER 1 

INTRODUCTION 

In-situ fragment size distribution of rock masses is a 

key component in the design of rock blasting procedures and 

of mechanical comminution, since the minimization of blasted 

rock fragments can reduce crushing and grinding costs. Rock 

fragment size distribution is also important in the design 

of in-situ leaching for metalliferous ore deposits, for 

which the size of the rock fragments directly affects the 

efficiency of the mineral recovery process. In addition to 

applications in the mining industry, in-situ rock 

fragmentation is important for improving rock mass 

classification techniques and for rock mass strength 

estimation, with particular reference to rock slope 

engineering and underground excavations in rock. Hence, 

estimates of fragment size distribution for engineering 

design purposes require information about the degree of 

fracturing in the rock with respect to the spatial 

variability of the fracture spacing or fragment length. Such 

information can usually be obtained for in-situ rock masses 

using surface mapping or drill hole core. 

In any fragmentation study, the geometric properties of 

fracture density are considered, in particular, intact 
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length, spacing, and frequency. This thesis concentrates on 

the drill hole data collection method (a one-dimensional 

method) as it applies to the determination of in-situ 

fragment size distribution. The current method to estimate 

volumetric in-situ rock fragment size distribution from 

drill core is to measure the core axis length of each piece 

of core that is bounded by natural fractures, and to apply a 

correction factor to obtain the desired three-dimensional 

information from the one-dimensional data. 

Fracturing in Rock 

Fracturing in rocks occur when they are broken into 

pieces by the passage of a crack, or cracks, through them. 

This crack, more commonly termed a discontinuity, is a plane 

of weakness in the rock mass which separates intact rock 

blocks (Hoek and Bray 1981). Examples of discontinuities 

include joints, fractures, faults, dikes, bedding planes, 

foliation, and cleavage. For the purposes of this thesis, 

the term fracture will generally be defined as non-cemented, 

structural weakness planes which are easily parted through 

handling. 

The interaction of these macro-discontinuities 

determine the rock fragment size to a large extent. Their 

presence often make the rock heterogeneous and quite often 

discontinuous. Fractures generally increase the 
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defamiability and reduce the strength of the rock mass. 

Therefore most rock failures, including blasting-induced 

fragments, occur along these discontinuities. 

Pre-existing fractures such as joints and bedding 

planes tend to dominate the post-blast fracture pattern. 

These natural cracks can often be extended to great lengths. 

The formation of new cracks in their immediate vicinity is 

unlikely however (Hagan 1973). Therefore, maximum 

fragmentation is obtained when the principal joint planes 

are parallel to the rock face. This study is only concerned 

with the interaction of the pre-existing fractures with the 

undisturbed rock mass. Obviously, the number of joint sets 

will directly affect the size and shape of the rock blocks 

and consequently the mechanical behavior of the rock mass 

(Figure 1.1). Block size is therefore defined according to 

specific shapes and sizes (Figure 1.2). 
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Three joint 
sets 

Figure 1.1 Effect of the number of joint sets 
on the appearance of a rock mass 
(Barton, 1978) . 
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(c) (d) 

Figure 1.2 Examples of rock masses illustrating 
(a) blocky, (b) irregular, (c) tabular, 
(d) columnar block shapes (Barton, 1978) 
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In-*Situ Rock Fragmentation 

In particular, this study is to exemplify the patterns 

and behavior of discontinuities in typical porphyry copper 

rocks rather than to explain the theories of fracture 

mechanics and crack development. Much work has been done on 

the statistical representations of fractured rock in two 

dimensions (Miller 1979, and White 1977) and on fragment 

size distributions (Ghosh 1990). In this study, one-

dimensional geomechanical data (from drill core) was 

analyzed, since this is often the only form of fracture data 

available for many open pit and underground mine studies. 

Fragment size distribution depends on the rock mass 

strength as well as its pattern of discontinuities, the 

latter being a function of the natural discontinuity 

frequency and orientation. The size distribution of in-situ 

rock fragments is commonly presented on a graph of 

cumulative percent passing (or percent greater than) versus 

fragment size. 

One inherent difficulty associated with methods used to 

determine fragment size distribution is in estimating the 

three-dimensional distribution from the one-dimensional 

data. This will be addressed in more detail in a later 

chapter. 

In-situ fragmentation will often be different from the 

measured post-blast fragmentation. Of course, finer than 
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expected fragment size distributions will result if 

excessive breakage forces and blunt drj.ll bits are used. 

Ghosh (1990) reports that the in-situ distribution will in 

fact underestimate post-blast fragmentation. For a low RQD 

rock, this tends to be less important. In contrast to this 

finer prediction, the expected post-blast fragment size may 

be overestimated because the energy for rock comminution is 

usually more for the blast-muck-dump sequence than it is for 

coring and core handling (Mojtabai 1990). 

Purpose and Scope 

The specific objectives of this study were: 

1. to determine the in-situ block size distribution of 

drill core, 

2. to determine the spatial dependence of one-

dimensional fracture distributions, 

3. to determine the representative elementary volume of 

a rock mass, and 

4. to automate current procedures for the analysis of 

drill core photographs. 

Research in the science of rock fragment size 

distribution has been reviewed in this study. This research 

is intended to improve the understanding of the in-situ rock 

fragment size distribution in typical porphyry copper 
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deposits. Methods of assessing fragment size distribution of 

in-situ rock have been developed and discussed. In addition, 

the application of various common distribution functions to 

size distribution was introduced. These distributions were 

then compared to a computer-based image processing technique 

that has been developed to analyze rock drill core 

photographs. 

One purpose of the investigation was to use 

geostatistics to test the assumption of spatial dependence 

of fracture spacings. Variograms were constructed to 

describe the degree of spatial dependence of fracture 

spacing. Several of these variogram plots are given in 

Appendix A. 

Empirical relationships between rock fragment size 

measurements for different rock qualities and conditions are 

given. Rock quality zoning for rock mass strength 

delineation is subsequently determined for different window 

sizes of drill core samples. 

Two experiments were conducted to evaluate the 

volumetric correction methods currently used in the analysis 

of rock drill core. A simplified styrofoam model with a 

known fracture distribution was dissected and analyzed in 

the laboratory. The fracture spacings were sampled with one-

dimensional coring, and fragment sizes were measured with 

three different methods to account for the resulting three-



dimensional nature of the styrofoam fragments. Another 

experiment was conducted at the University's San Xavier 

Experimental Mine in a cubic yard of cherty limestone. 

Again, coring produced a one-dimensional distribution of 

fracture spacings, and digital image processing of 

photographs of the resulting rock fragments generated the 

volumetric size distribution. Results of both experiments 

were then compared to the currently-used procedures for 

volumetric correction of one-dimensional data. 
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CHAPTER 2 

DATA DEVELOPMENT 

Actual fracture data used for this study came from rock 

drill core logs, all of which were provided by Call & 

Nicholas, Inc. The data sets were taken from porphyry copper 

deposits in both the United States and Chile; most of the 

samples were intrusive igneous rock types. 

Rock Drill Core 

According to Sen (1990), there exist three potential 

weakness sources in a rock: the natural discontinuities, the 

fractured core zones which consist of the core fragments cut 

by the discontinuities, and the core losses (Figure 2.1). 

Tough, lightly-fractured rocks result in long core 

fragments, while the heavily-fractured rocks give either 

short fragments or a completely loose core. When the core is 

drilled parallel to the strata, the core fragments can be 

relatively long. For core drilled perpendicular to the 

strata, shorter fragments are obtained. Hence, the degree of 

fracturing in a rock can be considered to have a preferred 

direction and this direction must be known to accurately 

determine the strength properties. 

The aim of a drilling schedule is to reconstruct the 
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Intact core 

Broken core 

Intact core 

Broken core 

Intact core 

Core loss 

Figure 2.1 Weakness sources along a borehole core 
(Sen 1990) 
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complete core sample from the rock mass in a state as close 

to its in-situ condition as possible. This is more likely to 

be achieved with a double or triple tube core barrel for 

which the rotation of an outer barrel prevents the fragile 

core from twisting (Hoek and Brown 1980). However, even if 

this core twisting problem is avoided, great care must be 

taken when removing the core from the barrel, so that the 

sample can be considered to be "undisturbed.11 

Another problem associated with rock core sampling is 

that the core packaging process often does not include core 

lengths greater than 2.0 feet, because the core boxes are 

limited to a two foot size. Consequently, fractures must be 

carefully scrutinized as to whether they are natural or man-

made, and core measurements should be taken in the field as 

soon as the core sample is retrieved from the core barrel. 

Data Collection 

Core logging is now an established practice for many 

geotechnical investigations of a site. And since the time 

span between an initial investigation and the start of 

active mining is often several years, it is also worth 

photographing the core before it is placed in storage. 

Both geomechanical logs and corresponding core photographs 

were used in this study. Logs consisted of fracture spacing 

measurements distributed down a drill hole, grouped into 
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categories of different fragment sizes or length cutoffs. 

Spacing is geometric rather than scalar and cannot be 

measured at a point; hence there is a window problem 

associated with this measured fragment length parameter 

(Call 1992). For the case of drill hole data, the core 

diameter is the window, and since this linear sampling 

method does not intersect fractures which are parallel to 

the window, there is an orientation bias when data is 

obtained with this one-dimensional approach (see Chapter 6). 

The two-dimensional technique of surface mapping is 

therefore preferable to the use of drill hole data, but in 

many cases this method is either impractical or impossible 

due to the lack of outcrops of geologic structure. Hence, 

the reduction of available drill hole data is imperative to 

ensure that sufficient conclusions can be drawn. 

Since this method of data collection involves the 

measurement of the core axis length of each piece of core, 

it is important to note that the relevant piece of core must 

be bounded by natural fractures, as previously mentioned. 

Mechanically-induced fractures must therefore be disregarded 

and hence fitted together for measurement. 

Fragment Size Measurements 

Current attempts at Call & Nicholas, Inc. to measure 

fragmentation from rock core include such indexes as percent 
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RQD, percent broken zone, longest piece, and percent rubble 

zone (Figure 2.2). 

Rock quality designation (RQD) as originally defined by 

Deere (1963) expresses the percentage of total intact 

lengths that are longer than twice the core diameter (4.8 

inches for NX diameter core). This percentage is expressed 

on the basis of core length drilled and is classified as 

excellent (90-100%), good (75-90%), fair (50-75%), poor (25-

50%), or very poor (0-25%), as given by Bieniawski (1974). 

Clearly, an increase in the number of fractures corresponds 

to a decrease in the RQD value. Ghosh (1990) commented on 

the inaccuracies of obtaining a true fragment size 

distribution from RQD data. Since RQD is calculated from the 

length of all broken core in the drill run, the fragment 

size distribution curve will be biased toward the coarser 

sizes. This will occur because if a joint remains intact in 

a piece of core, its contribution to forming a new in-situ 

block is not included in the RQD calculation. 

Percent broken zone is the zone in which core lengths 

are less than one core diameter and over 50% are greater 

than h inch. Percent rubble zone consists of lengths less 

than one core diameter with more than 50% less than ^ inch. 

The length of the longest piece is the longest whole core 

piece. It is also important to define the length of whole 

core and the fracture frequency. The whole core length is 
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Figure 2.2. Histograms of typical fracture measurements 
for a drill hole. 
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the sum of all whole core pieces, for which at least one 

core piece has a length of greater than or equal to the core 

diameter? for fractures parallel to the core axis, only the 

lengths greater than or equal to the core diameter are 

counted. Fracture frequency along a rock core is defined as 

the number of natural fractures per unit length drilled. An 

alternative method to RQD-type indices is to measure 

specific cutoff lengths, such as 1, 2, 4, 8, or 12 inches. 

Clearly, the accuracy of the fragment size distribution 

curve increases with the number of class sizes measured. The 

methods of Chapter 7 are intended to improve measurement 

techniques which involve too few fragment size categories. 
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CHAPTER 3 

IN-SITU BLOCK SIZE DISTRIBUTION 

Most ore deposits occur in highly fractured rock. In 

order to obtain a pre-blast fragmentation for the design of 

blasting rounds, an accurate prediction of rock mass 

composition in terms of block size is necessary. This must 

therefore take into account the three-dimensional nature of 

the geologic discontinuities in the rock mass. 

The size of the blocks is controlled by the spacing and 

length of the joints. The orientation of each intersecting 

joint set determines the shape of the blocks. The 

distribution of block sizes can therefore be directly 

related to the spacing distribution of the joint set. 

Frequency Distribution Functions 

The predominantly statistical nature of fragmentation 

has resulted in efforts to identify size distribution 

functions which usually describe post-blast fragmentation. 

Various standard distributions, such as Poisson, log normal, 

and Weibull, have been used (Grady and Kipp 1991). Other 

functions that have gained popularity in many applications 

include the Rosin and Rammler, Schuhmann, and Gaudin and 

Meloy (Feng and Luo 1989). 
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Typically, fracture variation is modelled using a 

negative exponential distribution (Call et al. 1976, and 

Priest and Hudson 1976) such as that described by equation 

(3.1), for which 36.79% and 50% represent the mean and 

median sizes, respectively. This is a variation of the 

Weibull function given in equation (3.3), with c equal to 1. 

1. NEGATIVE EXPONENTIAL 

y = 10 0 e (3.1) 

where, B = 1/mean length 

2. GANDIN-SCHUHMANN 

(3.2) 

where, k = coefficient of fragment size distribution 
(usually equal to the longest fragment piece) 

a = power of fragment size distribution 
(related to the shape of the curve) 

3. WEIBULL 

y = lOOe (3.3) 

where, b = mean length 
c = uniformity index <1 

(describes the shape of the curve) 

The three frequency distribution functions compared in 

this study are given below, with an example of the variation 
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in their shapes given in Figure 3.1. These curve shapes are 

based on actual data obtained from the rock block experiment 

discussed later in this chapter. 

The Gandin-Schuhmann equation emphasizes the coarse end 

of the size range, with possible large discrepancies in the 

fine region. The Weibull equation, on the other hand, tends 

to emphasize the fine region, in which case discrepancies in 

the coarse range may be large. For this reason, the Gandin-

Schuhmann may often be the best equation to adopt since the 

largest fragments give the greatest cause for concern due to 

mining and material handling problems and the potential need 

for costly second breakage. However, for highly fractured 

(low RQD) rock, there may be some difficulty in the direct 

application of the Gandin-Schuhmann equation due to the lack 

of large particles. In some cases it may be best to describe 

a fragment distribution with two functions, one for the 

larger fragments and one for the lower region (Thomas 1973). 

Typical fragment distribution curves are also 

frequently plotted on semi-logarithmic graph paper, which 

usually results in an "S" shape distribution (Noren and 

Porter 1974). For this representation of size distribution, 

the mean fragment size is obtained at the cumulative 50% 

point, representing the mean fragment size at which half the 

rock volume is composed of larger fragments and half of 

smaller fragments. 
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Figure 3.1. Comparison of frequency distribution functions 
commonly used for rock fragmentation. 
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Volumetric Correction 

Discontinuity frequency defines, in one-dimensional 

terms, the block size of discontinuous rock masses. If the 

discontinuity frequency follows a negative exponential 

distribution, then so should the block size (Mojtabai et al. 

1989, Poulton et al. 1990). Block size accounts for all 

three dimensions of a rock fragment and thus can be 

considered an adequate descriptor for size distribution. 

Sen (1992) refers to the block size distribution 

function (BSDF) as the curve developed from a cumulative 

frequency plot of intact lengths along a scanline. However, 

this does not take into account the three-dimensional nature 

of rock fragments necessary for a block size relationship. 

Hence, as opposed to recording the volume directly, it is 

common practice to convert a one-dimensional intercept 

length by using a sphere as a reference shape (Matthews 

1991), since the core lengths that are measured are not as 

large as the maximum or average dimension of the in-situ 

rock fragment. Hence, a mathematical correction must be 

added to determine the true size distribution from the drill 

core. The resulting dimension that is used in the volumetric 

distribution is the diameter of a sphere of equivalent 

volume and is called the "true nominal diameter." 
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Stereoloaical Methods 

Stereology is the study of three-dimensional structures 

of specimens through the estimation of two-dimensional 

images (Russ, 1986). The oldest stereometric technique is 

the determination of the volume fraction of objects in a 

structure. Carlsson and Nyberg (1983) used video images to 

estimate the size distribution of intercept lengths of 

fragmented rock. The diameter of the fragments was measured 

from which the volume of the fragments was obtained 

stereometrically. 

The measured core length taken along the core axis is 

also called the intercept length, and represents a chord 

length through the three-dimensional rock fragment (Figure 

3.2). For a sphere of radius r, the intercept length, L, 

depends on the distance, x, from the center of the sphere, 

and is given by equation (3.4). 

L = 2\Ji2-x2 (3.4) 

The resulting frequency distribution curve for 

intercept lengths through a sphere can be solved 

analytically and is a straight line (Figure 3.3a), where the 

mean intercept length is % the diameter, D, of the sphere. 

In a structure with different size spheres, the individual 

frequency distributions would add in proportion to the 

relative abundance of each size (Figure 3.3b). This 



Figure 3.2 Intercept length taken through a sphere 
and a tetrahedron. 



Figure 3.3 Frequency distribution curve(s) for intercept 
lengths (a) for one sphere, and 

(b) for different size spheres. 
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composite histogram has bins with intercept lengths from 

various size spheres. Hence, since the intercept lengths 

that are measured are not as large as the maximum or average 

dimension of the sphere, a fraction within each bin can be 

subtracted and added to a larger size bin to yield a 

histogram of true sphere diameters. 

A sphere, however, is not a good representative shape 

of an in-situ rock fragment. Consequently, to correct to a 

more acceptable polyhedron fragment shape, such as an 

octahedron, Russ (1986) reports that a correction factor of 

1.217 should be applied to the sphere diameter. The 

octahedron is said to have a mean tangent diameter that is 

1.217 times the sphere diameter with equal volume, and is 

obtained by averaging dimensions over all orientations of 

the polyhedron. 

The stereometric correction procedure was performed 

with the use of a fortran computer program that was 

originally developed by Cyprus Miami engineers and is 

currently in use at Call & Nicholas, Inc. The procedure 

utilized in the program is taken from Lord & Willis (1951). 

Geometric Integration 

White (1977) predicted the cumulative block size 

distributions of the thick sulfide ore body at the Lakeshore 

Mine. His approach used a computer-generated fracture model 
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of several joint sets. The maximum visible dimension of each 

polygon (two-dimensional fragment) formed by the 

intersection of the joints was measured and then adjusted to 

account for the fact that a fragment will not be 

consistently cut along its longest axis. 

The underlying assumption for the adjustment is that 

for highly fractured rock masses, the rock blocks are nearly 

spherical. Based on this spherical shape assumption, a line 

passed through the block will have an intercept length 

between zero and the sphere diameter. By integrating the 

intercept length between these limits and averaging over the 

projected area of the sphere, the average value of the 

intercept length obtained would be 0.62 times the true 

diameter of the sphere. Hence, the mean fragment size can be 

multiplied by the reciprocal of 0.62, which is equal to 

1.61. This is the average adjustment constant necessary to 

correct the measured size of the block in the drill core to 

the true size of the blocks. Adams (1977) suggested a 

multiplication factor of /2 to define the relationship 

between thin sections and sieve size statistics to develop 

the grain distributions of sandstones. He reported that, for 

perfect spheres with eccentricities equal to 1.0, the actual 

mean grain size is 1.27 times the mean measured in thin 

section. Similarly, for ellipsoids with eccentricities of 

0.7, the correction factor is 1.36. 
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White then converted the adjusted cumulative fragment 

size distributions to volumetric distributions by assuming 

that each polygon represented a polyhedron with a volume 

equal to the cube of its maximum visible dimension. For the 

complete mathematical derivation see White (1977). The 

resulting cumulative distribution function is as follows: 

where F(x) is the percent finer or percentage of fragments 

greater than a given size x, and b is the reciprocal of the 

mean fragment size, as before. 

Hence, a block size distribution curve can be developed 

knowing only the mean block size for the rock mass. But 

there is no unique, absolute measure of particle size. The 

method adopted to describe the distribution and the actual 

measurement obtained must depend on the size range of the 

data. 

Attempts to make RQD a measure of block size would seem 

inaccurate since RQD represents only one point on the size 

distribution curve. Many curves can pass through this point. 

Consequently, the use of the mean fragment size as measured 

along the drill core to calculate all block sizes will not 

give a "true" full distribution curve. Consequently, such 

assumptions of a spherically shaped fragment, and using an 

F(x) = 100jb3e (3.5) 
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average intercept length as a correction factor, is 

therefore highly questionable. 

The volumetric correction method more frequently 

adopted is the stereological approach since it involves a 

probability distribution of intercept length correction 

factors for multiple class intervals of intercept length. 

Nevertheless, the determination of the upper end limit 

(largest block size) necessary for this method is purely 

subjective. Generally, the longest piece obtained from the 

drill core should be used. 

Noren and Porter (1974) describe the classical "S" 

shaped distribution curve for block (three-dimensional) size 

distribution as being typical of that observed in the field. 

The distribution results from a technique of taking random 

samples of fragments from the photographs of the muck pile. 

Two key assumptions were made in the determination of the 

distribution curves. First, the surface fragment 

distribution was regarded as representative of the muck 

pile, just as the one-dimensional drill core distribution is 

also considered representative of the rock mass. Second, the 

volume of a fragment was assumed to be equal to the cube of 

the distance between the parallel lines bracketing the 

maximum exposed width of the fragment. This is equivalent to 

the previously-mentioned volumetric correction developed by 

White (1977) for one-dimensional data. 
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Experimental Verification of Volumetric Correction Methods 

Two experiments were conducted in order to validate the 

two previously-mentioned mathematical correction methods. 

Calculation of fragment volume 

The first approach for measuring fragment volume 

involved measuring the displaced volume of water of each 

block as it was immersed in water. This gave the volume of 

each block from which a fragment diameter could be obtained 

for a sphere of equal volume. This is a common 

simplification given to the shapes of rock blocks and has 

been referred to in more detail as the stereological method 

in a previous section of this chapter. A multiplication 

factor can then be applied to account for the shape 

correction of the fragment to a polyhedron. 

The second approach for measuring the volume of each 

fragment utilized a digital image processing technique 

specifically developed for the analysis of rock 

fragmentation (Kemeny et al. 1993). The procedure consists 

of first taking photographs of the "muck pile." These images 

were then processed in the computer using the public domain 

program, Image, developed by the National Institutes of 

Health. The image processing delineates the individual rock 

fragments in the images, and calculates the area and shape 

of each rock fragment. 
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Automatic fragment delineation is performed with the 

use of two algorithms developed specifically to minimize 

delineation problems associated with image processing. The 

algorithms take advantage of the shadow regions that occur 

in the void spaces between the fragments and along the edges 

of touching fragments. Overlap and touch of rock fragments 

are also accounted for, as is the ability to differentiate 

small fragments from noise on the large fragments. Once all 

the fragments have been delineated, the size and shape of 

the fragments are calculated in the NIH Image program. 

Calculated information includes area, best-fitting ellipse 

(major axis a, minor axis b, angle 0), perimeter, and 

position (x,y). 

A statistical program then combines this information 

for each image to determine the overall three-dimensional 

size distribution for the muck pile. The statistical program 

takes into account fragment overlap and shape, images taken 

at different scales, and fines. The actual screen size, d, 

may be different from the apparent image size of the 

fragment due to overlap and shape, and is given using 

equation (3.6). 

d = 1.649*/? + 0.004*a (3.6) 

Extensive experimental tests have been conducted to validate 

this relationship. The statistical program also calculates 



frequency distributions of relative fragment sizes, x, in 

order to calculate the actual size of the rock fragment 

since it may be larger or smaller than the apparent size in 

the image. The frequency distribution is given by equation 

(3.7) . 

for xzO.5 f = 0 
0 . 5 <x<2 .6 f = -0.12 4 5 + 27 .12 5 9 x5-0562e_3-9071x (3 . 7) 

x>2 .6 f = 0 

The overall size distribution can then be calculated. 

The percentage of fines can also be taken into account. 

Since fragments that are too small to be delineated will be 

blackened during binary enhancement of the images, the 

percentage of the black area that contains less than two 

inches is estimated. This percentage is then equally 

distributed between the bin sizes in the zero to two inch 

range. Details for the entire procedure are given in Kemeny 

et al. (1993). 

Stvrofoam Model 

In order to model a blocky rock mass properly, a three-

dimensional analysis is required. Computer programs can 

numerically model three-dimensional structures, but cannot 

dissect the model by simulating a core hole to give a one-

dimensional fracture spacing. Physical models made of wood 

or styrofoam are therefore not only cost-effective, but can 
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also be built very quickly. Bro (1991) gives a detailed 

description of a direct application of building a three-

dimensional styrofoam model of a blocky rock mass to 

determine the shapes of key blocks created by excavating a 

tunnel. 

A cube of styrofoam of 8 cubic feet was used in this 

experiment, and was subdivided by four joint sets (Figure 

3.4). The fracture pattern created by the four joint sets 

was created by the computer simulation discussed in Chapter 

6, and was based on a negative exponential distribution of 

actual field data obtained at a Southern Arizona copper 

mine. The joints were cut continuously through the styrofoam 

block, using 0.015 inch diameter diamond-impregnated cutting 

wire. After all of the joints were made, photographs of the 

fragments were taken (Figures 3.5 and 3.6), and the 

volumetric fragment size distribution was measured using the 

two approaches. The block size distributions obtained from 

the two approaches were then compared with those obtained 

from the mathematical correction methods (Figure 3.7b). 

Once the three-dimensional distribution of the 

styrofoam fragments was analyzed, the model was reassembled 

into a cube with the aid of double-sided plastic adhesive 

tape. The model was then confined to maintain its integrity, 

and drill hole excavations were cut into the model using a 

small diameter copper tube with a serrated front edge. 



Figure 3.4 Styrofoam cube with four joint sets 
prior to wire cutting. 



(a)  

(b) 

Figure 3.5 Muck pile of styrofoam fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 



(a )  

(b) 

Figure 3.6 Muck pile of styrofoam fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 



(a)  

(b) 

Figure 3.7 Muck pile of styrofoam fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 



(b) 

Figure 3.8 Muck pile of styrofoam fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 
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Several core holes were then made through the model, from 

which a fracture spacing distribution could be calculated 

(Figure 3.7a). 

It is important to note that although the model is 

somewhat artificial, because the joints are planar and 

continuous, it is still a good representation of the 

relationship between the one-dimensional and three-

dimensional distribution curves, and can be used to help 

validate the previous analytical methods for the volumetric 

correction methods currently applied to rock drill core 

data. The measured block size distribution curves are 

closely related to the distribution obtained using geometric 

integration. 

Rock Model 

A second physical model was developed at the University 

of Arizona San Xavier Experimental Mine that involved coring 

and excavating approximately one cubic meter of limestone. A 

site on the 100 foot level (Figure 3.8) was chosen where 

ample space was available for rock drilling, and where the 

rock was in a suitable position for a block to be excavated 

with a minimal amount of work. Of course, blasting was to be 

avoided in the excavation of the block since the in-situ 

(undisturbed) block size distribution was to be determined. 
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Figure 3.9 Fragment size distributions for the styrofoam 
block model 
(a) for one-dimensional fracture spacings 
(b) for three-dimensional fragment volumes 
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Figure 3.10 Location* of experiment conducted in 
limestone at the San Xavier Experimental 
Mine (Sternberg et al. 1988). 
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Geologic evaluation work at the site (Sternberg et al. 

1988) had already revealed two lithologies at the end of the 

long western drift on the 100 foot level at the San Xavier 

Mine. The rock types at that location include garnetite and 

a blocky Concha Limestone. The experiment was conducted in 

an area comprised solely of the limestone. It is a medium to 

dark grey, very cherty, fossiliferous, crystalline 

limestone. The chert mainly occurs in nodules; fossils 

present in the exposed muck included dense populations of 

bryozoans. 

The rock block to be excavated was first defined, 

mapped, and photographed (Figure 3.9). Three locations were 

then selected for drill holes from which rock core (1.6875 

inch diameter) would be taken. The criteria for the 

selections was that the locations be representative samples 

of fracture spacing in the block. Directions for the core 

holes varied, although all three were drilled sub-

horizontally. Lengths for drill holes 1, 2, and 3 were 3.05, 

2.80, and 3.42 feet, respectively. Analysis of the core 

(Figure 3.10) revealed the average fragment size to be 

approximately 1 inch. The one-dimensional fracture spacing 

distributions were developed and are plotted in Figure 

3.11a. 

Since most ore deposits occur in highly fractured rock, 

the experimental sample with an RQD of approximately 20% was 



Figure 3.11 View of the three faces at the mine 
experimental site before excavation. 



Figure 3.12 Core box containing recovered core from the 
three drill holes at the mine experimental 
site before excavation. 
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Figure 3.13 Fragment size distributions for the rock 
block model 
(a) for one-dimensional fracture spacings 
(b) for three-dimensional fragment volumes 
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assumed to be adequate. It should be noted however, that one 

would expect a low RQD rock core for such short drill runs, 

especially in the first six inches when the drill bit is 

freer to move, thereby creating more core loss and crushed 

core. The drill core bit length was only 1.22 feet and may 

therefore have cut rock core lengths significantly. These 

lengths were therefore joined for the calculation of 

fracture spacing and RQD. The rock was expected to be highly 

fractured, though, because as core drilling progressed 

beyond the first 0.7 feet for each of the holes, water from 

the drill was observed to be expelled from as many as two 

fractures on each of the three faces and not back along the 

core hole. 

The rock block was then prepared for eventual 

excavation by drilling a slot along the bottom boundary of 

the block using a 1.625 inch diameter drill steel. As the 

slot progressed, each newly created hole was filled with a 

steel bar so that the next drill run would not slip into any 

previous voids and throw the hole off line from the desired 

direction of the slot (Figure 3.12a). The slot was 

eventually completed until the block was only supported on 

two faces. During the drilling of the slot, it was noted 

that the ease of drilling improved, and therefore the 

quality of the rock decreased, as the slot extended to the 

northeast and became daylighted. The block was then broken 
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( b )  

Figure 3.14 Photograph taken at the mine site's 
north face 
(a) experimental procedure for slotting 
(b) resulting excavated block. 
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away from the surrounding rock mass (Figure 3.12b). 

Finally, photographs of the muck pile were taken from 

different directions. This was done several times such that 

an average distribution could be obtained. These images were 

then analyzed digitally on a computer using the image 

processing technique described previously. Photographs and 

their binary images are included in Figures 3.13 through 

3.16. 

The volumetric distributions could then be compared to 

the one-dimensional distributions obtained from the rock 

core (Figure 3.11b). Again, these results verify the 

conclusions obtained from the styrofoam model by strongly 

favoring the volumetric correction method that utilizes 

geometric integration. 



(a)  

<b) 

Figure 3.15 Muck pile images of rock fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 



(a)  

t  

( b )  

Figure 3.16 Muck pile images of rock fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 



(a)  

(b> 

Figure 3.17 Muck pile images of rock fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 
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(b)  

Figure 3.18 Muck pile images of rock fragments 
(a) unprocessed photograph 
(b) binary image after several stages of 

enhancement 
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CHAPTER 4 

GEOSTATISTICAL ANALYSIS 

Engineers who analyze rock masses often need to predict 

the mechanical behavior of a rock mass for which properties 

vary considerably from point to point. Fracture spacing data 

behaves in such a way and typically is cyclical and varies 

both globally and locally. Nevertheless, test values from a 

limited number of core samples are all too frequently 

presumed to be representative of a large rock mass. La 

Pointe (1980) notes however, that when the rock mass is 

variable and inhomogeneous, the use of mean values or 

property frequency distributions may be unrealistic, 

overestimating values in some areas, and underestimating in 

others. What is required is a systematic determination of 

the spatial variability or correlation between the sample 

values. 

Geostatistics, applied statistics for dependent 

variables in space and/or time (Kim, 1991), provides the 

necessary tools for such an analysis. Miller (1979) used 

geostatistics for two-dimensional fracture distributions and 

showed that the scalar joint properties of fracture spacing 

do demonstrate spatial correlation and are responsive to 

geostatistical analysis. Fracture spacing variables can be 
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considered regionalized if they are distributed in space and 

if they exhibit some degree of spatial correlation. 

Regionalized variables therefore include RQD, fracture 

frequency, and mean fragment size. The "noise" or short term 

pattern is the random aspect of the variable consisting of 

highly irregular and unpredictable variations; the long 

term, cyclical pattern is the structured aspect reflecting 

the structured characteristics of the regionalized variable. 

In order to represent the rock mass properties 

accurately, it is necessary that sufficient samples be taken 

from the most representative locations (La Pointe 1980). 

Clearly then, it is necessary to obtain enough samples to 

model the mechanical behavior of the rock as accurately as 

possible. But there must be a limit at which enough samples 

have been collected such that the engineer can confidently 

extrapolate for the volume in question. 

Univariate statistics such as mean, variation, and 

histograms are not sufficient by themselves to describe the 

functional shape of spatial correlation. Bivariate 

statistics, such as the variogram can measure the 

relationships between dependent samples. 

The Variogram Function 

The mechanical behavior of a rock mass is dependent on 

the point to point variability of the rock properties. As is 
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often the case, test values from a limited number of core 

specimens are presumed to be representative of the whole 

rock mass. However, the use of mean values may be 

unrealistic, especially for areas where the rock mass is 

variable and heterogeneous. Consequently, there is a need to 

obtain any potential correlations between sample values that 

may account for their spatial variability (La Pointe 1980). 

The variogram is a graph that displays the relationship 

between the squared difference in sample value, say fracture 

frequency, and the distance between the sample points. 

Generally, the greater the distance between samples, the 

greater the expected square difference between their RQD 

values. In other words, the farther apart two samples are, 

the more statistically independent they are likely to be 

(Call 1979). 

Using the available samples, we can take the difference 

between any two sample values (for instance fracture 

frequency or RQD) at points x and (x + h) as follows: 

D i f f .  =  Z ( x )  -  Z ( x + h )  (4.1) 

The generalized relationship applicable to an entire 

region is the average difference between all samples pairs 

that are h distance apart as in equation (4.2). 

1 N 

A v g . D i f f .  =  —  V  [ Z ( x )  -  Z { x + h )] (4.2) 
•tv jZ{ 



To avoid negative differences, each sample pair is squared 

prior to averaging, as given in equation (4.3). 

1 N 

( A v g . D i f f , ) 2  =  —  [ Z ( x )  -  Z ( x + h ) ] 2  =  2 y  ( h )  (4.3) 
" i-1 

This is known as the variogram function. The semivariogram 

is half the average difference squared and is therefore 

represented by y(h). 

The variogram is related to the autocorrelation 

function in time series analysis. It is h of the variance of 

the increment [Z(x) - Z(x+h)] and can be regarded as a 

measure of the mean squared error of estimation by an 

observation h distance away. 

The sill is the limiting value of the semivariogram at 

which sample values have essentially no correlation. The 

range is the distance at which the sill is first reached. 

The value of the variogram at a distance h « 0 is called the 

nugget value (Figure 4.1c). Ideally, this nugget value 

should be zero since two samples from approximately the same 

point should have practically the same value. 

Regularity is evident as variabilities of spatially 

dependent data are mostly non-random and can be most 

commonly described with a spherical model (Figure 4.1c). A 

variogram function of fracture spacings in rock usually 

exhibits a cyclic pattern (Figure 4.Id) and is often fitted 
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Figure 4.1 Examples of variograms and theoretical models 
(Miller 1979) . 



with a theoretical model called the "hole-effect model" 

(Miller, 1989). For the purpose of this thesis the 

simplified spherical model was used. These theoretical 

variograms usually model the data as opposed to the actual 

experimental variogram so as to guarantee the positive 

definite conditions of the resulting covariance function. 

Generation of Varioarams 

In this study, variograms were calculated along a line 

in one direction. Variograms of fragment size measurements 

were calculated along 7000 feet of core hole data. Various 

fragment size measurements were chosen for the variogram 

analysis, and these included fracture frequency, median 

fragment size, longest piece, and percents greater than 1, 

2, 4, and 6 inch classes. First, a conventional statistical 

analysis was performed on the data to determine whether the 

fragment size measurements measured down the drill holes 

followed a normal distribution. In most cases the underlying 

distribution was neither normal nor log-normal, and for the 

majority of the holes, a definite negative exponential 

distribution was observed. 

The coefficient of variation (C.V.) is defined as the 

standard deviation of a population divided by the mean, and 

is considered a good measure of sample variability by 

comparing the relative dispersion of sample values around 
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the mean for the population. Variability coefficients were 

calculated for all drill holes, and were commonly between 

0.2 and 0.9 (Table 4.1). A further parameter, known as the 

composite length, was also varied. The composite length is 

simply the sample length of core taken from the drill run. 

Hence, it could be used as a limiting value with which the 

data points could be chosen (Table 4.2). Composite lengths 

of 5 and 10 feet were chosen. Briefly, as the composite 

length increased, the mean value for the data set increased, 

and the coefficient of variation decreased. This implies 

that the mean fragment length is higher for longer drill 

runs and therefore may be more reliable since larger 

fragments are consistently obtained. 

As a result of the statistical analysis it was 

determined that the fragment size measurements with the 

smallest variation coefficients were median fragment size 

and fracture frequency. This conventional analysis only 

describes the population of values, and does not indicate 

which regions of the rock mass are likely to be highly 

fractured and which regions less fractured, since 

conventional statistics presupposes independent, random 

samples. It does, however, show us which holes and/or 

fragment size measurements are likely to give us a well-

behaved variogram. 



DDH Mean (%) C.V. Variance (%%) 

481 35.8 0.67 575.5 

482 66.0 0.30 388.4 

483 29.6 0.84 626.0 

484 77.6 0.24 345.6 

485 67.1 0.34 516.5 

486 65.9 0.24 253.3 

487 67.9 0.43 863.3 

488 68.9 0.23 259.4 

489 37.7 0.72 729.2 

490 65.7 0.39 653.1 

491 70.9 0.29 425.5 

492 71.2 0.27 380.9 

493 53.2 0.55 865.4 

494 58.7 0.45 687.1 

495 61.7 0.47 839.6 

496 64.1 0.37 560.6 

497 62.5 0.44 760.4 

498 57.4 0.37 449.2 

499 66.0 0.35 531.6 

500 56.0 0.45 627.9 

501 60.4 0.42 641.1 

Table 4.1 Examples of variation coefficients for the 
percent greater than 1 inch fragment size 
class. 



CLEN Mean (%) Mean (%) Mean (%) Mean (%) 

ft % > 1" % > 2" % > 4" % > 6" 

0 58.6 54.8 41.2 25.9 

5 64.6 60.9 46.6 29.7 

10 75.1 71.2 56.0 37.3 

CLEN C.V. C.V. C.V. C.V. 

ft % > 1" % > 2" % > 4" % > 6" 

0 0.46 0.50 0.65 0.94 

5 0.36 0.38 0.53 0.80 

10 0.21 0.24 0.37 0.60 

(a) 

CLEN Mean (%) Mean (%) Mean (%) Mean (%) 

ft % > 1" % > 2" % > 4" % > 6" 

0 71.2 62.6 43.7 22.1 

5 72.7 65.6 45.8 23.1 

10 72.1 66.1 45.2 22.1 

CLEN C.V. C.V. C.V. C.V. 

ft % > 1" % > 2" % > 4" % > 6" 

0 0.27 0.39 0.59 1.14 

5 0.26 0.32 0.53 1.09 

10 0.25 0.29 0.51 1.01 

( b )  

Table 4.2 Results of the introduction of a limiting 
composite length (CLEN) for 
(a) all drill holes 
(b) one drill hole 



Results of Variogram Analysis 

Variograms were calculated using the University of 

Arizona's Geobase package. Geobase consists of a series of 

programs that includes the calculation of basic statistics, 

variogram generation, theoretical model fitting and 

subsequent cross-validation, and kriging. 

The data sets yielding the smaller coefficients of 

variation were the easier variograms to model. A smaller 

coefficient of variation resulted in a variogram with a 

lower nugget. Experimental variograms, together with fitted 

spherical models, for the various fragment size measurements 

are shown in Figures 4.2 through 4.6, and in Appendix A. In 

general, variograms for fragment size classes, such as 

percents greater than 1, 2, 4, and 6 inch, were far less 

sensitive a measure of fracturing than were median fragment 

size and fracture frequency. However, for the case of 

increasing fracture frequency, the variance progressively 

increased, resulting in a more difficult variogram to model. 

Ranges were in the order of 40 to 90 feet for the 

variograms exhibiting strong spatial correlations. Hence, 

beyond these ranges, the samples are no longer correlated 

(i.e. they are independent of one another). Maximum class 

sizes, or lags, for these variograms varied between 2 0 and 

30 feet. For instance, for a class size of 25 feet, any pair 

of data points whose distance is between 0 and 25 feet are 
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Figure 4.2 Experimental variograms together with fitted 
spherical models of median fragment size 
measured down a drill hole. 
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Figure 4.3 Experimental variograms together with fitted 
spherical models of fracture frequency 
measured down a drill hole. 
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(b) 

Figure 4.4 Experimental variograms together with fitted 
spherical models of median fragment size 
measured down a drill hole: 
(a) for all rock types 
(b) for one rock type 
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(b) 

Figure 4.5 Experimental variograms together with fitted 
spherical models measured for DDH 201 using: 
(a) median fragment size 
(b) longest fragment piece 
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( b )  

Figure 4.6 Experimental variograms together with fitted 
spherical models measured for DDH 201 using: 
(a) percent greater than 1 inch class size 
(b) percent greater than 2 inch class size 
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included in the variogram computation. 

Definite cyclic experimental variograms can be observed 

and show the hole effect shapes which are typical of 

fracture spacing data where there is a natural cyclicity or 

repetition. These hole effects for the vertical variograms 

likely correspond the cycles of lithologic (and rock 

quality) changes. 

Spatial Dependence of Fracture Spacings 

Miller (1979) has shown good correlations of fracture 

spacings for small sample lengths (and therefore low RQD 

rock). This analysis has shown that a five foot sample, 

however, may not be enough for a high RQD rock. Miller 

reported spatial periodicity in fracture set spacings and 

determined ranges of influence to be as long as 25 to 30 

meters. 

Clearly, fracture frequencies will be different when 

measured in different directions. The anisotropy is 

therefore determined by comparing the range of influence of 

the variograms computed along different directions. For 

horizontal boundaries there would be a strong horizontal 

correlation between sample values. One would often expect 

the rock quality to change at these lithologic boundaries. 

In general, the variogram analysis has shown that 

spatial correlation between samples ceases for drill core 



84 

fragment size measurements after 90 feet, and can be 

expected to exist for at least 40 feet of drill core. 

This information can help to determine values of RQD 

within a specified range of a sampling point. La Pointe 

(1980) found that the best way to estimate RQD values at 

unknown points in a rock mass is to first estimate the 

fracture frequency, and then to transform the fracture 

frequency value to RQD through the relationship given by 

Hudson (1980): 

RQD = 100(0. lA+l)e"°-u (4.2) 

where X is the mean number of discontinuities per foot or 

fracture frequency. 
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CHAPTER 5 

REPRESENTATIVE ELEMENTARY VOLUME OF A ROCK MASS 

Completely randomly distributed intact lengths imply 

that fractures along the drill core do not affect each 

other. Specifically this means that the presence of any 

discontinuity along the drill core has no effect on the 

chance of another one occurring in the immediate vicinity. 

Hence, neither lithology nor structural variability would 

play an important role in the distribution of 

discontinuities within the rock mass. However, the 

geostatistical analysis of Chapter 4 and those of Miller 

(1979) confirmed that there exists a potential spatial 

correlation between samples for at least 40 feet of drill 

core in typical porphyry rocks. 

Fragment size distribution and intact length criteria, 

such as Rock Quality Designation (RQD) and Mean Fracture 

Size (MFS), are used to assess the representative elementary 

volume of rock masses. This chapter discusses how large a 

sample volume of rock is required to calculate a 

representative fragment size distribution curve. Certainly, 

measurements of RQD alone are not enough to determine the 

fragment size curve and thus the overall rock mass strength 

of a volume of rock. 
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Classical Statistical Analysis 

Any long-range pattern or change of discontinuity 

frequency along the length of a drill core can be recognized 

by removing the noise and plotting the result. One such 

method is to filter the data using a simple moving average. 

Boundaries between zones of different rock quality (for 

instance, high RQD versus low RQD) might be chosen at the 

steepest parts of the smoothed graph if just one property is 

involved. These positions could be estimated roughly by eye. 

This section discusses a more mathematical approach to 

the problem of rock quality boundary locations on the basis 

of the variogram analysis of the previous chapter. 

The Simple Moving Average 

Data collected at frequent intervals, such as along a 

drill core, can be analyzed by methods developed for time 

series. The analysis can involve segmenting sequences into 

zones of equal or near-equal property values, known simply 

as zonation, and can be found by defining boundaries using a 

split-moving window (Davis 1986). The window is split into 

two parts, a section from point (i + h) to point i and a 

section from i to (i - h). This procedure is taken from 

Webster and Cuanalo (1975), who moved scanlines along the 

length of a soil transect with the window being split at 

about its midpoint into two equal-length halves that are 
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compared with each other. At the point at which the 

difference between the two halves attains a local maximum, a 

boundary is judged to exist. 

Robertson (1988) utilized the moving average technique 

to determine the rock mass strength of zones of weak rock. A 

rating of rock mass strength was applied to each interval of 

the core, and the standard deviation of the rating values 

was used to determine the window size for the calculated 

moving average. Webster and Cuanalo (1975), on the other 

hand, calculated autocorrelation coefficients for different 

lags of the data and constructed correlograms to determine 

the window size. The results of the variogram analysis of 

Chapter 4 revealed that the spatial correlation that appears 

to exist in rock core fracture data for porphyry rocks was a 

class size of 20 to 40 feet. For the classical statistical 

analysis, this result is the basis for determining the 

moving average window size. Figure 5.1 shows the effect of 

an increasing split moving window and the degree of data-

smoothing associated with it. Figure 5.2 shows the direct 

correlation between window size and drill hole length. 

Smoothing the data also revealed possible correlations 

between certain fragment size measurements. For instance, 

for a zone of high percent RQD, a low percent broken zone, 

and a higher longest fragment size would be expected. An 

example of this relationship is given in Figure 5.3. 
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Rock Quality Zoning 

The degree of the fragment distribution is primarily 

determined by the continuity and the spatial variation of 

fractures within the rock mass. Therefore different zones of 

rock mass quality may exist due to the previous action of 

weathering or stress changes. Defining zones of different 

rock quality is useful for the development of any fragment 

size distribution curve. Merely taking a numerical average 

for all the zones could be both costly and dangerous. Thus 

rock quality zoning is useful to delineate the rock into 

more homogeneous regions. 

Local Boundary Hunting 

Raw data of fragment size data obtained from drill core 

are clearly very irregular (Figure 5.1), though there appear 

to be zones of the series that show local trends, such as a 

trend of high RQD, for instance. These trends should be 

differentiated from any short range variations occurring 

between individual sampling intervals. The latter patterns 

are often regarded as "noise" (Webster 1978). Consequently, 

in order to zone the data properly and therefore define 

boundaries based on a split-moving window, it is necessary 

to perform a statistical analysis on the raw sampling points 

in the spatial series. The relationships between sampling 

points of fracture data is measured as functions of the 
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distance separating them rather than from their absolute 

positions within the series, and was given previously. 

It can be concluded that a window of size 40 feet 

(Figure 5.2) should be chosen for the zonation analysis, as 

this is the point at which there is a weak relationship 

between sampling points. This would agree well with the 

results of the variogram analysis of Chapter 4. Hence the 

rock properties of a region can be zoned using this window 

to exhibit their distinctness. The technique for dividing 

the region is the best position for which the Mahalanobis 

distance D2 is largest. The value of D2 is the generalized 

distance, and calculates the difference between the two 

halves of the window (Webster 1978). It is given by equation 

(5.1). 

{X^-X2)2 
D = 2 2 (5.1) 

si + si 

where Xx = mean of segment x* to xi+h 

s:2 = variance of segment Xi to xi+h 

X2 = mean of segment xA to Xi-h 

s22 = variance of segment x± to x^j, 

The test criterion is computed as the window moves 
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along the drill core. The boundaries appear as peaks in the 

resulting graph of DJ against mid-point position. Figures 

5.4 through 5.7 give examples for the test criterion 

Mahalanobis D2. 

Fragment Size Measurements and Correlations 

As a result of smoothing the data according to 

classical statistical techniques, relationships between 

commonly measured fragment size limits can be developed. 

These are included in Figures 5.8, 5.9, and 5.10, and 

generally show trends that are globally and conditionally 

unbiased. Additional graphs of these fragment size 

relationships are given in Appendix B. 
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CHAPTER 6 

TWO-DIMENSIONAL ROCK MASS SIMULATION 

Previous attempts have been made to determine the in-

situ block size distribution by studying the fractures on a 

rock face using two-dimensional computer simulations of a 

fracture network (White 1977, and Miller 1979). These were 

specific applications which used a fracture data set of 

known joint spacings and orientations to calculate a series 

of value-dependent relationships. 

Priest and Hudson (1976) have shown that discontinuity 

spacing distributions in rocks tend to follow a negative 

exponential distribution which is expressed mathematically 

as: 

f(x) = Xe~xx (6.1) 

where x is a discontinuity spacing value, f(x) is the 

frequency of a discontinuity spacing, and k is the mean 

number of discontinuities per meter. 

In this study, detailed information on four joint sets 

was used in the generation of a fracture network model. An 

analysis of the predicted fragment size distributions was 

considered necessary to estimate the validity of the model. 

Modeling analysis and subsequent observations are outlined 

in this chapter. 
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Generation of Fracture Simulation 

Fracture set characteristics, such as spacing, are 

random variables and can be modelled by mathematical 

distributions (Call, Savely and Nicholas 1976). Past 

fragmentation research has used mathematical modelling to 

predict distributions of fragments (White 1977). Miller 

(1979) developed computer simulations of rock fabric by 

Monte Carlo sampling of fracture set distributions that 

assumes spatially-independent fracture spacings. This study 

involved using a two-dimensional computer simulation of 

fracture spacings in order to explain the characteristics 

and behavior of a fragmentation model of known distribution. 

The computer simulation of the fracture networks in two 

dimensions was performed using a discrete stochastic 

fracture model developed at Call & Nicholas, Inc. (CNI). The 

model was initially developed by the Massachusetts Institute 

of Technology to simulate fracture networks in two 

dimensions based on a poisson (random) process, and has been 

further modified by CNI to simulate the formation of sets of 

fractures, each of which possess unique orientation, 

spacing, and length distributions. 

Fracture orientation is defined by spherical 

distributions of dip and dip direction. The negative 

exponential statistical distribution is normally used for 

simulating length and spacing distribution. Orientation of 



the fracture traces is calculated relative to the 

orientation of the model section. The model is built 

sequentially using a cell approach, whereby the model cross-

section is composed of numerous individual cells. Within, 

each cell, fracture distributions are sampled using a Monte 

Carlo approach to determine the location, orientation, and 

length of each individual fracture. The size of the cell 

window is adjusted for each fracture set based on the mean 

length and spacing, so that sampling overlap is properly 

adjusted within the entire model. The result is a two-

dimensional model of fracture traces which are areally 

distributed in a manner which simulates actual trace mapping 

data. Input to the model is normally determined through face 

mapping of fractures in the field. These models can then be 

used to simulate fragmentation of the rock mass based on 

observable fracture networks (Ryan, 1993). 

Modelling began with the collection and processing of 

geologic structure data taken from a porphyry copper mine in 

the southwestern United States. Four joint sets had been 

recorded for the region of interest (Table 6.1). The face 

model was developed from the distribution of fracture 

orientations and spacings for each joint set. Each sampled 

joint orientation was corrected to the apparent orientation 

in a plane, thereby generating a simulated cross section of 

the rock fabric. Figures 6.1 and 6.2 illustrate the 
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Joint 
Set 

Mean dip 
direction 
(deg.) 

Mean 
dip 
(deg.) 

Mean 
length 
(ft.) 

True 
spacing 
(ft.) 

1 270 50 20 2.50 

2 270 65 8 2.75 

3 90 20 3 2.20 

4 90 50 13 2.75 

Table 6.1 Joint set data for the computer-simulated 
fracture models. 
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Figure 6.1 Simulated cross section with four 
continuous joint sets. 



Figure 6.1 Simulated cross section with four 
discontinuous joint sets. 
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simulated rock sections for continuous and discontinuous 

joints, respectively. Lengths of fractures were assumed to 

be discontinuous in one case because the propagation of 

fractures tends to be inconsistent during drilling and the 

nonpersistent nature of fracture patterns will continue to 

dominate the rock mass. 

From a series of these cross sections, the spacing was 

measured along (one-dimensional) scanlines randomly placed 

across each cross section. The cumulative distribution of 

the spacings was plotted and a negative exponential curve 

used to model the distribution (Figures 6.3 and 6.4). 

Frequency distributions of the area fragments (two-

dimensional) were also plotted for each cross section and 

the polygon sizes were shown to have a negative exponential 

distribution (Figures 6.5 and 6.6). 

Results of Simulation Investigation 

The mean fragment sizes for the one-dimensional method 

were always slightly less than those calculated from the 

two-dimensional method. The mean fragment size was 

calculated from the two-dimensional results by actually 

measuring the area of the fragments and assuming that the 

fragment represented a circle of diameter equivalent to the 

average of the polygon's dimensions, as given by equation 

(6.2) . 
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for the continuous joint set model. 
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Area = (6.2) 

Differences were on the order of three to six percent. 

This implies that the shape correction factor from a one-

dimensional intercept length to a two-dimensional intercept 

length is 1.032 to 1.062 (i.e. 1.06 to 1.12). 

Two models were developed, as previously mentioned, one 

with continuous joints, the other with discontinuous joints. 

For the one-dimensional scanline analysis, the mean fragment 

sizes for both methods were found to be approximately the 

same, but the longest fragments were obtained for the 

discontinuous joint model. This is due to the discontinuous 

nature of the joints in the cross sections that will lead to 

calculations of larger area fragments and larger intercept 

lengths than expected. 

Similarly, for the two-dimensional analysis, the 

largest area fragments and the mean area fragment sizes were 

greater, as expected, for the discontinuous model. Block 

size distributions were calculated using the two 

mathematical techniques given in Chapter 3 and are compared 

in Figures 6.7 and 6.8. 
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Figure 6.7 Block size distribution for the continuous 
joint set model. 
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Figure 6.8 Block size distribution for the discontinuous 
joint set model. 
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Preferred Orientation 

If measurements are made on any particular section, in 

ignorance of the true nature of the three-dimensional 

structure, the results can be misleading as to the size of 

the fragments in the rock. This aspect of the study is 

therefore only to show the extent of overestimation or 

underestimation of fracture spacing to be expected in 

typical porphyry copper deposits with an approximately 

negative exponential distribution. 

Joints commonly exhibit a preferred orientation where 

joint patterns show a noticeable symmetry (Davis 1984). For 

the scanline spacings on the computer generated fracture 

networks, it was found that the cross sections exhibited a 

preferred scanline direction when measurements were taken at 

a consistent orientation. 

Variation in the spacing of the fracture sets in 

different directions produces plots of "rose" patterns (Russ 

1986) that demonstrate the degree and direction of the 

preferred orientation. Consequently, rose diagrams were 

constructed for the results of the preferred orientation 

analysis for both fracture models, together with the 

direction of the joint sets (Figures 6.9 and 6.10). The 

solid line represents the mean intercept length and has been 

normalized. The dashed line represents the degree of under-

or overestimation of the intercept length for the 
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0.5 

0.5 

Figure 6.9 Rose diagram of the mean fracture spacings 
as a function of direction for the 
discontinuous fracture model. 
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Figure 6.10Rose diagram of the mean fracture spacings 
as a function of direction for the 
continuous fracture model. 
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directional scanlines. 

In general, the mean fragment size was overestimated 

for scanline directions taken parallel to each of the four 

joint sets for the discontinuous data set (Figure 6.9). The 

degree of error of mean fragment size was never more than 

18% with respect to the calculated mean from the one-

dimensional distributions. For the continuous fracture 

model, the mean fragment size was either overestimated or 

approximately equal to the calculated mean fragment size 

from the one-dimensional distributions (Figure 6.10). In 

this case, degrees of error of mean fragment size were never 

more than 13%. The results of the discontinuous model are 

perhaps best related to the shape correction factor 

mentioned in Chapter 3. They therefore imply that the 

correction factor for the two-dimensional intercept length 

is 1.18 and the three-dimensional shape correction is 1.39 

(i.e. 1.182). 

Clearly then, if drilling is taken parallel to one 

joint set in a region of dense cross-jointing, the mean 

fragment size is likely to be underestimated. However, in 

the case of less dense jointing approximately perpendicular 

to the drill direction, it is likely that an overestimated 

mean fragment size will be encountered. 
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Determination of Stable Estimates of Fragment Size 

In the limit for which we measure many individual data 

points, the mean value of the observation approaches the 

true mean of the population which is being sampled. Priest 

and Hudson (1976) developed a linear method of scanline 

sampling that required three orthogonal scanlines of equal 

length. For a stable estimate, it required a total length of 

at least 50 times the mean discontinuity spacing. 

Theoretically, the window size that corresponds to a 

representative sample length required to obtain a stable 

mean fragment size estimate can be compared to the scanline 

length needed for a stable mean fragment size from a model 

of negative exponentially distributed fractures. This was 

done for a (one-dimensional) scanline across the computer 

simulated two-dimensional fracture models. Results for both 

the continuous and discontinuous joint sets indicated that a 

fragment number of 400 converged to within 4% of the stable 

estimate (Figure 6.11) for scanlines taken across joint 

sets. Hence, for a mean fragment size of 0.1 foot the stable 

estimate is reached after 40 feet of core is sampled. 

Similarly, for scanlines taken parallel to joint sets, the 

number of fragments required to reach within 4% of the mean 

fragment size was 600 (Figure 6.12), or 60 feet of core for 

a mean fragment size of 0.1 foot. This implies that for a 

high RQD rock, a larger sample is required than for a low 
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Figure 6.11 Required fragment number for a stable 
mean fragment size for random scanlines. 
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Figure 6.12 Required fragment number for a stable 
mean fragment size for scanlines 
parallel to joint sets. 
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RQD rock. According to Priest and Hudson's (1976) criteria 

for measuring 50 fragments for a stable estimate, the degree 

of accuracy of 4% for this study is probably higher than 

their unreported accuracy. 
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CHAPTER 7 

COMPUTER-BASED IMAGE PROCESSING 

Current methods for analyzing the size of fragments 

from photographs of rock core are often tedious and time 

consuming. They involve the manual measurement of fragment 

sizes directly from a screen onto which the photographic 

image has been focussed, and the cataloging of the fragments 

into bin classes of equal size intervals. Now, however, 

computer-based image processing techniques greatly enhance 

the speed and accuracy with which size distributions can be 

calculated. By digitizing photographic images, it is now 

common practice to analyze muck piles in terms of fragment 

sizes (Devgan 1992, and Kemeny et al. 1993). Noren and 

Porter (1974) refer to the "S" shape of the fragment size 

distribution curve. That distribution resulted from a 

technique using photographs of the muck pile and taking 

random samples of fragments from the photographs. 

Consequently, photographs of core can be digitized and 

analyzed in a similar fashion. This study involved the 

photographic analysis of over 1400 feet of core in order to 

demonstrate an improved technique for collection and 

subsequent reduction of pre-blast fragment size assessment. 

As has been previously mentioned, fragmentation affects 



mining operations such as drilling, blasting, loading, 

handling, and crushing. For example, the cavability of an 

ore body and the expected ease in handling the caved ore, is 

naturally influenced by the sizes of the rock fragments. 

Hence, if both the pre-blast (predicted) and post-blast 

(actual) fragment distributions of rock can be analyzed 

quickly and accurately, then total costs of rock-blasted 

fragments can be significantly reduced. Previous techniques 

involving 35 mm photography have recorded blast 

fragmentation results using automatic image capture and 

computer processing (Singh et al. 1990). In each case, the 

fragment size was calculated using cross-sectional area, 

diameter (or elliptical axis), or length. 

Methods of Assessing Size Distribution 

Digital image processing was conducted with the use of 

the public domain program, Image, developed by the National 

Institutes of Health (NIH). The procedure is somewhat 

different from that mentioned in chapter 3 for the analysis 

of muck piles. 

The computer image is first captured from a photograph 

(Figure 7.1a and 7.2a) using a digital scanning machine. 

This image then undergoes several stages of enhancement 

which includes developing the binary image (Figure 7.1b and 

7.2b) before final measurement of intercept length using a 
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(a) (b) 

Figure 7.1 Core box of highly fractured rock core 
(a) unprocessed photograph 
(b) binary image after several 

stages of enhancement 
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(a) (b) 

Figure 7.2 Core box of moderately fractured rock core 
(a) unprocessed photograph 
(b) binary image after several 

stages of enhancement 
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computer-imaged scanline. The fragment length is taken to 

represent the intercept length of an equivalent sphere. One-

dimensional size distributions can then be developed and 

subsequently converted to a volumetric distribution 

according to stereometric principles and mathematical 

relationships as described in Chapter 3. 

Experimental Results 

Six holes were analyzed using the computer-based image 

processing technique described previously. The results are 

presented in Figures 7.3 through 7.8. The percent RQDs are 

presented for several rock units for the holes analyzed from 

various south western U.S. mines in Table 7.1. The image 

processing method always underestimated the RQD of the drill 

hole when compared with the manual result. The ability of 

the computer to successfully delineate all the fines leads 

to a lower RQD for the photographic method. However, the 

large discrepancy between the two methods may also be due to 

the fact that not all the mechanically-induced fractures 

were successfully recognized. Careful consideration of this 

will lead to a less highly-fractured rock result. 
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Figure 7.3 Fracture spacing distribution analyzed 
by computer-based image processing. 
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Figure 7.4 Fracture spacing distribution analyzed 
by computer-based image processing. 
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Figure 7.5 Fracture spacing distribution analyzed 
by computer-based image processing. 
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Figure 7.6 Fracture spacing distribution analyzed 
by computer-based image processing. 



132 

1/mean exponential 

Fragment size (ft) 

Figure 7.7 Fracture spacing distribution analyzed 
by computer-based image processing. 
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Figure 7.8 Fracture spacing distribution analyzed 
by computer-based image processing. 
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photo method manual method 

1.8 3.8 

3.9 8.5 

5.1 12.1 

26.1 30.0 

28.0 38.2 

30.5 34.6 

Table 7.1 Comparison of Rock Quality Designation (%). 
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Validation of Curve-Fitting Techniques 

It is interesting to see that the fragment size 

distributions closely followed a negative exponential shape. 

The Gandin-Schuhmann and Weibull distribution functions 

failed to fit the data with any great accuracy and so were 

not included in the theoretical distribution function 

modelling. 

Having concluded that porphyry rocks tend to exhibit a 

negative exponential distribution of fracture spacings in 

one dimension, and that the geometric integration technique 

for volumetric correction is closest to the actual 

correction (as it has been discussed in Chapter 3), it is 

possible to calculate a family of expected block size 

distribution curves for various RQD classes. Using the rock 

mass rating classification scheme mentioned in Chapter 2 

(Bieniawski 1974), a series of curves can be determined 

at the boundaries of the five rock quality classes of 

excellent (90-100%), good (75-90%), fair (50-75%), poor (25-

50%), and very poor (0-25%). These are given in Figure 7.9. 
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Figure 7.9 Volumetric distribution curves with 
the various rock mass ratings. 
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The main source of error for the digital image 

processing technique lies in the resolution of the 

photograph. Poor lighting conditions and the use of flash 

photography to offset this can result in shadows on the 

photograph that are difficult to correct digitally. Also, 

different shades will appear along the rock core due to the 

changes in lithology. Since color is not important in 

digital image processing, any color changes that cause 

scanning problems due to lithologic changes are best avoided 

by taking black and white photographs in the field. 

The efficiency of the technique also depends upon the 

ability to define the fragment boundaries accurately. This 

is accomplished by manually tracing the major fractures in 

the core to define all major fracture blocks from the 

photograph as clearly as possible. The obvious advantage of 

this is that measurement errors are reduced directly with 

interpretation of the photograph. The bulk of the fragment 

edges, however, are identified by the computer during binary 

image manipulation. 

Small features may be lost on the binary image because 

of low contrast, or because they are erased in the process 

of smoothing or image enhancement. Since the minimum size 

that can be measured depends on the total resolution of the 

system, it in turn depends on photographic conditions, 

scale, and quality of the image analysis (Singh et al. 
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1990). This problem is best resolved by using a size range 

(for example, a "rubble zone") at the lower end of the size 

distribution, in which all fragments less than, say 0.5 

inches, are included. This requirement is reinforced due to 

the fact that clay may be taken as intact core from the 

photographs when it is physically broken (low RQD) rock. 

Mechanically-induced fractures must be determined 

before imaging by carefully scrutinizing the photographs 

while the binary image is being developed. Failure to do 

this may result in lower values for fragment size 

measurements. 

For an extensive discussion of the development, 

characteristics, and problems associated with this kind of 

digital image processing, the reader is referred to the 

thesis by Devgan (1992). 

Fractal Distribution of In-Situ Rock 

A new method describing the size distribution of in-

situ rocks involving the fractal theory has been developed 

and discussed in previous studies (Mojtabai 1990 and Poulton 

et al. 1990). It involves the description of scale 

invariance defining a power law relation between a number 

and a size as given by equation (7.1). 

N(r) = Cr'D (7.1) 
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N(r) is the number of fragments with a characteristic linear 

dimension greater than r, C is a constant of 

proportionality, and D is the fractal dimension. 

The fractal concept can quantify many examples of scale 

invariant processes in nature, including rock fragmentation. 

Fractal dimensions for fragmented geologic materials 

commonly range from 1.44 to 3.54 (Turcotte 1986). The 

fractal dimension can thus be calculated for various rock 

qualities by plotting a log-log graph of fragment size 

versus the number of particles. The slope of a best fit line 

(by linear regression) for the data represents the fractal 

dimension. This has been done for the six holes that were 

analyzed using digital image processing earlier in this 

chapter (Figures 7.10 through 7.15). 

Poulton et al. (1990) commented on the applicability of 

fractals as a key rock mechanics index that can be used to 

define characteristics of a rock mass. Hence, correlations 

can be determined between the fractal dimension and mean 

fragment size (Figure 7.16). Clearly, higher fractal 

dimensions are indicative of smaller block sizes as 

predicted by Poulton et al. (1990). However, since two 

parameters describe a straight line, the y-axis intercept or 

relative curve shift of each line, can also be plotted 

against the fractal dimension (Figure 7.17). This 

corresponds to the constant of proportionality in equation 
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Figure 7.10 Fractal distribution of drill hole 
with mean fragment size = 0.088'. 
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Figure 7.11 Fractal distribution of drill hole 
with mean fragment size = 0.123'. 
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Figure 7.12 Fractal distribution of drill hole 
with mean fragment size = 0.136'. 
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Figure 7.13 Fractal distribution of drill hole 
with mean fragment size = 0.288'. 
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Figure 7.14 Fractal distribution of drill hole 
with mean fragment size = 0.314'. 
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Figure 7.15 Fractal distribution of drill hole 
with mean fragment size = 0.341*. 
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Figure 7.16 The relationship for fractal dimension 
and mean fragment size for typical 
porphyry rocks. 
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Figure 7.17 The relationship for fractal dimension 
and proportionality constant for typical 
porphyry rocks. 
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(7.1). in this case, a less obvious correlation exists for 

this relationship as it applies to fractals and 

fragmentation. 

The mean fragment size can then be used to determine a 

value for the RQD assuming the negative exponential 

distribution of fracture spacings, and typical block size 

distribution curves can be developed for various fractal 

dimensions, D (Figure 7.18). 
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CHAPTER 8 

SUMMARY 

Construction methods as described in Chapter 3 were 

used to build a styrofoam model from which both one-

dimensional and three-dimensional fragment size 

distributions were obtained through a jointed rock mass. A 

second physical model was developed at the University of 

Arizona San Xavier Experimental Mine that involved coring 

and excavating approximately a cubic meter of limestone. The 

one-dimensional and three-dimensional fragment size 

distributions were calculated and compared. Results 

indicated that the volumetric correction method utilizing 

techniques of geometric integration were more accurate than 

those developed from stereological theory. The geometric 

integration technique resulted in a volumetric fragment size 

distribution curve consistently more like the actual 

distribution developed by digital image processing. The 

stereological technique underestimated the distribution 

curve in both cases. 

Results of the geostatistical study justify the 

usefulness of geostatistical methods as they apply to 

selected fragment size parameters of rock drill core. 

Geostatistics is better than the classical statistical 
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method of applying a split moving average to the raw data 

because it has the ability to provide the spatial 

relationship in quantitative terms. Geostatistics 

acknowledges that adjoining samples are correlated to each 

other spatially, and that the particular relationship 

expressing the extent of the correlation can be captured 

with the aid of the variogram function. These methods enable 

more precise analysis of the in-situ fragment data and can 

be used in the estimation and development of a full fragment 

size distribution curve. Consequently, it was concluded that 

the measurement of rock fracture spacing down a drill core 

constitutes a spatial series when sampled at short equal 

intervals, and that lithology exerts a very strong control 

on the spatial relations of these properties. Results 

indicate that simple measurements of fragmentation, such as 

fracture frequency and median fragment size, are scale-

dependent, and that analysis of such data without taking 

into consideration the dependent structure of fragment 

gradation can give misleading results for rock mechanics 

design. 

The geostatistical results suggest that fracture 

spacings can be represented by a regional variogram function 

plus a more local oscillatory component typical of the 

cyclic variation evident in fracture spacing data. The 

dependent structure of fragment lengths implies that it is 
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necessary to go beyond simple measurements such as RQD to 

the routine development of the full fragment size 

distribution curve for rock mechanics design. 

Classical statistical analysis indicates that the 

required window length for a stable mean fragment size 

estimate is 40 feet for the intrusive igneous rock study, 

and that at least 400 feet of core must be sampled in order 

to have an adequate database for rock quality zoning. The 

mean fragment size was also consistently higher for larger 

sample lengths (core runs) while the coefficient of 

variation decreased appreciably, thereby implying that 5 

foot core runs will significantly underestimate fragment 

size in high RQD rocks. 

Scanline or drill core measurements taken at different 

directions have also shown whether the discontinuities as 

well as the rock fragments are homogeneous or heterogeneous, 

and whether there are preferred directions of relatively 

stronger rock masses or not. 

The new digital image procedure for analyzing 

photographic images of drill core is both more accurate and 

less time-consuming than other more conventional methods. 

And although errors are unavoidable for any procedure 

involving human interpretation, they are minimized to a 

great extent with this technique if care is taken during the 

photography of the core. 
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Future Work 

There are some aspects of this study that could be 

studied in more detail. The spherical linear intercept curve 

adopted as the probability distribution of intercept lengths 

through a block is not appropriate for rocks since many 

different shapes are expected. This simplified spherical 

approach could be replaced by using the probability 

distribution of intercept lengths through a tetrahedron or 

some other polyhedral shape. 

Although it was considered beyond the scope of this 

study, it may be possible to verify the volumetric 

correction methods further with the use of a three-

dimensional computer graphics program. A block model could 

be developed to mimic the styrofoam model but in more 

detail. 

The use of geostatistics as an estimating device for 

fragmentation could be developed. A study to include the 

effectiveness of kriging as a tool for fracture frequency 

estimation for an entire rock mass is needed. The spacing 

between drill holes must be appreciably small, of course, 

and is the critical parameter in order for realistic results 

of fragmentation measurements to be obtained. 

Finally, this study has centered on data from porphyry 

copper deposits throughout North and South America. Similar 

studies could be attempted such that correlations between 
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in-situ rock block sizes and fractal dimensions, stable mean 

fragment size calculations, and degrees of spatial 

correlation along drill core, could also be generated for 

other rock types of interest. 



APPENDIX A 

Variograms 
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Figure Bl. Relationship between percent RQD 
and percent broken zone: 
(a) Hole RQD = 51% 
(b) Hole RQD = 32% 



165 

2.5 

2.0 

0} 
o 1.5 
0) 
Q. 

CO 
<D 10 
O) ' u 

C 
o 

0.5 

0.0 

2.5 

2.0 

® i c 0 i .5 
a) 
01 
0) 

S) 1.0 
c 
o 

0.5 

. x ••"X"' 

* ** 
X X 

X x >w-« x : 
* ** x

x*: 

X*" X 

*xx 

I I -i 1 r-
0 10 20 30 40 50 60 70 80 90 100 

RQD (%) 

(a) 

X * 
X 

X 

< 
: 

**  
X 

*X X X 
X *X 

X 

X 4* X** 5* 
.....x X - • • • • • 

X: 
X I 

$ : : : 
* I I I I ! I t I 
0 10 20 30 40 50 60 70 80 90 100 

RQD (%) 

( b )  

Figure B2. Relationship between percent RQD 
and longest fragment piece: 
(a) Hole RQD = 65% 
(b) Hole RQD = 35% 
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Figure B3. Relationship between percent broken 
zone and longest fragment piece: 
(a) Hole RQD = 30% 
(b) Hole RQD = 35% 



APPENDIX C 

Experimental Data 



intcpt kgth (in) M««'d Vol. (ml) 

1 0.035716 30.000 

2 0.035716 35.000 

3 0.035716 72.000 

4 0.035716 10.000 

5 0.071431 80.000 

6 0.071431 1.0000 

7 0.071431 2.0000 

8 0.071431 0.50000 

9 0.071431 3.0000 

10 0.071431 30.000 

11 0.071431 45.000 

12 0.071431 60.000 

13 0.085717 10.000 

14 0.14286 00.000 

15 0.14286 30.000 

16 0.64268 10.000 

17 0.71431 20.000 

18 0.78574 30.000 

19 0.85717 4.0000 

20 0.69289 10.000 

21 0.92861 320.00 

22 1.0000 340.00 

23 1.0715 300.00 

24 1.0715 900.00 

25 1.0715 4100.0 

26 1.1429 5950.0 

27 1.3393 1650.0 

26 1.4266 350.00 

29 1.6429 700.00 

30 1.7858 950.00 

31 1.8929 1650.0 

32 2.0715 4650.0 

33 2.1429 8200.0 

34 2.1429 7950.0 

35 2.2501 100.00 

36 2.5001 140.00 

37 2.5001 40.000 

38 2.5001 650.00 

39 2.5001 6050.0 

40 2.9267 450.00 

41 2.9287 500.00 

42 3.1073 350.00 

43 3.2501 250.00 

44 3.7144 2100.0 

45 3.7859 10300 

46 4.0001 10200 

47 4.1430 16200 

48 4.2859 26924 

4ft 4.2859 

50 4.2859 

51 4.5002 

52 4.7502 

53 5.0002 

54 5.4288 

56 5.7145 

56 6.0002 

57 6.9645 

56 6.9645 

59 7.1431 

GO 7.5003 

61 7.5003 

62 8.1432 

63 8.5717 
64 8.5717 

Table Al. Experimental data for the styrofoam model 



into* hjth (in) 

1 5.6300 

2 5.1400 

3 5.0400 

4 4.6200 

5 4.5900 

6 4,4400 

7 4.4000 

6 4.1100 

9 3.2400 

10 2.7400 

11 2.7400 

12 2.6400 

19 2.3400 

14 2.3400 

15 2.2000 

16 2.1400 

17 1.9800 

18 1.9400 

19 1.9000 

20 1.9000 

21 1.8500 

22 1.6000 

23 1.7000 

24 1.6500 

25 1.5600 

26 1.4500 

27 1.4500 

28 1.4000 

» 1.3700 

30 1.3000 

31 1.2600 

32 1.2500 

33 1.2000 

34 1.1600 

35 1.1500 

36 1.1000 

37 1.1000 

36 1.0400 

39 1.0000 

40 1.0000 

41 1.0900 

42 0.95000 

43 0.90000 

44 0.65000 

45 0.65000 

46 0.85000 

47 0.65000 

46 0.85000 

48 0.65000 

50 0.85000 

51 0.80000 

52 0.60000 

53 0.60000 

54 0.80000 

55 0.60000 

56 0.60000 

57 0.60000 

56 0.76000 

58 0.76000 

60 0.75000 

61 0.75000 

62 0.70000 

63 0.66000 

into* Igih (in) 

64 0.65000 

65 0.61000 

66 0.61000 

67 0.60000 

66 0.57000 

69 0.57000 

70 0.55000 

71 0.55000 

72 0.55000 

73 0.53000 

74 0.52000 

75 0.47000 

76 0.47000 

77 0.45000 

78 0.43000 

78 0.41000 

80 0.40000 

81 0.40000 

82 0.40000 

83 0.40000 

64 0.40000 

85 0.36000 

86 0.36000 

87 0.36000 

88 0.38000 

69 0.36000 

90 0.38000 

91 0.36000 

92 0.38000 

93 0.36000 

94 0.36000 

95 0.38000 

96 0.36000 

97 0.36000 

96 0.36000 

99 0.33000 

100 0.33000 

101 0.33000 

102 0.33000 

103 0.30000 

104 0.30000 

105 0.30000 

106 0.30000 

107 0.30000 

106 0.30000 

109 0.28000 

110 0.28000 

111 0.28000 

112 0.26000 

113 0.26000 

114 0.26000 

115 0.26000 

116 0.26000 

117 0.26000 

116 0.28000 

119 0.26000 

120 0.28000 

121 0.26000 

122 0.28000 

123 0.26000 

124 0.28000 

125 0.24000 

126 0.24000 

Intcjx loin (in) 

127 0.24000 

128 0.24000 

129 0.24000 

130 0.24000 

131 0.24000 

132 0.24000 

133 0.21000 

134 0.20000 

135 0.20000 

136 0.20000 

137 0.20000 

136 0.19000 

139 0.19000 

140 0.19000 

141 0.19000 

142 0.19000 

143 0.19000 

144 0.19000 

145 0.19000 

146 0.19000 

169 

Table A2. Experimental data for the rock model 
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